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Abstracts

Catalysts and polymerization processes have evolved over the years. Such significant
developments have allowed producers to broaden the range of polymer microstructure and
process productivity, thereby making it possible to offer a wide range of end-use properties at
a reasonably low cost. However, these advantages in catalyst performance and reactor
operation require that we understand as much as possible about reactor operation in the broadest
sense. In addition to the fundamental experimental study of polymer chemistry, this means that
one needs to develop complete, robust process models. The present paper provides a rapid
overview of recent developments in various gas phase propylene (co)polymerization reactors

in use today, concentrating on multizone gas phase polypropylene reactors: i.e., multizone



circulating reactor (MZCR), fluidized bed reactor with internal circulation (FBR-IC), fluidized
bed reactor with external circulation (FBR-EC), and horizontal stirred bed reactor (HSBR). We
then concentrate on the advances in multiscale modelling of gas phase propylene
polymerization reactors, from microscale kinetics at the active sites, to the mesoscale including
physical transport and thermodynamic modelling at the single particle level and its boundary
layer, up to the macroscale reactor modelling. A systematic guideline used for the selection of
appropriate thermodynamic models is proposed for gas phase olefin polymerization processes.
Finally, current challenges and remaining issues related with the development of mathematical

multiscale modelling are addressed.

1 INTRODUCTION

Polypropylene (PP) is the second most produced polymer in the world today (after
polyethylene), and is used across a variety of industries such as food packaging, healthcare and
pharmaceuticals, infrastructure and construction, and automotive and electrical applications.'~
31 PP commercial grades can be grouped into three different grades:

(1) polypropylene homopolymers (HPPs) — constituted of mostly isotactic PP (iPP), and
small amounts of atactic PP in semi-crystalline PP chains containing only propylene monomer;

(2) polypropylene random copolymers (RCPs) — constituted of PP comprising a small
amount of ethylene or another a-olefin as a comonomer (usually up to 8 wt %) randomly
distributed throughout the PP backbone; and

(3) polypropylene impact copolymers (ICPs), also known as “Heterophasic copolymers”.
These are 2 phase materials comprise a matrix phase of homopolymer or random copolymer
and an amorphous ethylene-propylene rubber (EPR) phase, with EPR having an ethylene
content up to 40 %.[4!

PP is recognized as a versatile polymer due to its excellent chemical and temperature
resistance, and attractive mechanical properties. According to a recent report, the global market
of PP was worth USD ~75 billion in 2020 and is projected to reach USD 110 billion by 2028
due to the rising demand for convenient food packaging, and the integration of lightweight
plastics for the automotive manufacturing.'”!

The manufacturing processes for polypropylene can be classified into three main categories
according to the polymerization phases: slurry phase, bulk phase, and gas phase processes.
Among these, gas phase reactors are the most widely used for industrial production as there is

no solubility limit for hydrogen and comonomer(s) in the absence of a liquid around the reaction



medium, thereby allowing the production of polyolefin materials with a higher melt index (MI)
and increased comonomer content.!®

Gas phase processes for PP have evolved from single zone type reactors such as the
conventional fluidized bed reactor (FBR) and vertical stirred bed reactors (VSBR) to advanced
complex multizone reactor configurations, for instance, multizone circulating reactor (MZCR),
fluidized bed reactor with internal circulation (FBR-IC), fluidized bed reactor with external
circulation (FBR-EC), and horizontal stirred gas phase reactor (HSBR) configurations.

The HPPs or the RCPs can be produced in a single polymerization step using various
configurations of gas phase or bulk phase reactors. However, the ICP production requires two
or more polymerization steps, as the polymer is composed usually of a particle of iPP upon
which we polymerize an elastomer, commonly a copolymer of ethylene and propylene, often
referred to as EPR, although other copolymers (e.g., ethylene and 1-butene, and terpolymers)
are beginning to be developed as well. In the first polymerization step, the iPP matrix polymer
can be produced in either gas phase or bulk phase reactors; however, only gas phase reactors
can be used to make the amorphous EPR in the subsequent steps. This is necessary to avoid
dissolution of the amorphous phase of the copolymer in the liquid monomer/comonomer.!”!
Therefore, the design of gas phase reactor configurations represents a key parameter to produce
ICPs, with high rubber content (also called “high impact copolymers” or “hiPP”), and having
desired particle morphology, particle size distribution (PSD), molecular weight distribution
(MWD), copolymer composition distribution (CCD), and crystallinity, etc.®]

Multiscale modelling is a useful approach to quantitatively predict the relationship between
reactor operating conditions, reactor performance and polymer properties with the desired level
of accuracy and detail.l”) The more detailed our description of each length scale in the process
is, the more information we can extract about the process. However, in this case the model
becomes complex and involves a larger number of parameters. Nevertheless, detailed
multiscale models allow one to understand how the chemical effects (polymerization kinetics
at the active sites), the physical effects (transport phenomena and thermodynamics at the
particle level), and the reactor configuration influence the final product properties (i.e., product
qualities, and molecular structure properties including MWD, comonomer composition,

crystallinity, etc.).’12

I A number of authors have reported the implementation of the multiscale
framework in gas phase polyolefin polymerization to better understand the polymerization
process behaviors. The practical applications of the multiscale modelling in the manufacturing

processes are, for instance, product quality monitoring and control, existing process



improvement and optimization, process safety, process scale-up, and new product-process
development.>-11:13-19

The purpose of the current work is to review and discuss the application of a multiscale
modeling framework to gas phase propylene polymerization reactors and highlight key issues
and challenges. Focus is placed on multizone gas phase catalytic polymerization reactors. The
paper is organized as follows. We first present an overview of various gas phase reactors
utilized in the manufacturing of PP. Subsequently, we discuss the mathematic modelling at
different scales: microscale (kinetic modelling), mesoscale (single particle and thermodynamic
modelling), and macroscale (reactor modelling). Furthermore, a general guideline for the
selection of appropriate thermodynamic models is proposed. In the fourth section, we discuss

the remaining issues, challenges, and potential solutions for future development of multiscale

models. In the final section, general conclusions are highlighted.

2 GAS PHASE POLYPROPYLENE REACTORS AND PROCESSES

In this section, we will present an overview of commercial gas phase processes used for PP
manufacturing. Table 1 shows an overview of multistage gas phase polymerization processes,
and typical operating conditions of the current commercial PP production plants. Flow diagrams
of some commercial processes used for gas phase propylene polymerization are provided in the
Supporting Information.

Among the pure gas phase technologies, UNIPOL PP (FBR) has the largest share of
installed capacity, followed by NOVOLEN (VSBR), INNOVENE PP (HSBR), and
SPHERIZONE (MZCR). Ziegler-Natta catalysts are commonly used for all gas phase processes
with or without prepolymerization step.

The hybrid or mixed-phase processes, in other words the combination of bulk and gas phase
reactors, are able to provide a full range of products, but higher capital investment is required.
For example, the SPHERIPOL process by LyondellBasell uses two or more loop (bulk phase)
reactors for iPP, followed by one or more FBRs in series for elastomeric or highly amorphous
material. In this review, we will limit the discussion to the different gas phase reactor types, not
the whole processes.

Gas phase reactors for propylene (co)polymerizations (Table 2) can be simply grouped into
two broad categories: single-volume and multi-volume reactors. A reactor can be qualified as a
multizone reactor if it has (1) more than one physically connected reactor volumes (or zones,
sections, or compartments), or (2) the ability to independently create different reaction

conditions. This classification will be adopted in this review.



- The single-volume gas phase reactor: is defined as a reactor that can be approximated
by one physical reaction volume (or section, zone, compartment), in which the temperature and
gas concentrations (i.e., monomer, comonomer(s), chain transfer agent (hydrogen), etc.) are
intended to be approximately uniform. This is the case, for example, of FBR and VSBR, as the
residence time distribution (RTD) of the polymer phase in these reactors approaches that of a
CSTR, providing a broad RTD.?°! Indeed, while in reality there are temperature gradients in a
parts of these reactors (usually at the gas phase inlet), we cannot independently modify the
conditions in each volume portion. In such reactors, it is required to have two or more reaction
volumes in series to create significantly different gas compositions in each stage, in order to
produce multiple different types of polymer properties (i.e., polymer molecular weight,
comonomer composition, etc.) (Figure 1a). However, it is well-known that the particle structure
of the product obtained from the two-stage CSTR in series can be inhomogeneous because of
the residence time distribution of the reactors themselves.

- The multi-volume gas phase reactor (e.g., HSBR, and MZCR): is defined as a single
reactor constituted of two or more reaction volumes interconnected in which each reaction
volume can be operated (fairly) independently. It is assumed that the operating conditions (i.e.
gas concentrations, feed flow rate, temperature) can be modified independently to create
different reaction environments in each reaction zone, so as to have different fluid dynamic
regimes, reaction temperatures, and Hz/comonomer(s) composition, thus producing different
molecular weights, densities or compositions of the polymer.

An example of a multi-volume reactor is the MZCR (Figure 1b). In simple terms it can
be described as two plug flow reactors (PFRs) that are independently operated under different
conditions. This two-zone reactor will be presented in more detail below. A low molecular
weight polymer is typically made in the first reaction volume by injecting some H2 in the gas
feed stream — usually the concentration of Hz is 2-4 orders of magnitude higher than that in the
second reaction volume; thus this reactor type is capable of producing bimodal molecular
weight product of polyolefin in a single reactor. An illustration of the homogenous polymer
structure that can be made in a two-volume reactor is also shown in the figure IFIGURE 1b.
In the MZCR, the growing polymer particle is continuously circulating between the two
interconnecting reaction volumes with a very short residence time per pass (solid particles
passing between 50 and 100 times before exiting) to generate thin polymer layers with different
polymer chain compositions and different molecular weights (the so-called multi-onion-like
structure), thereby enhancing homogeneity of the polymer.[*! The shorter the residence time of

the successive paths between both reaction volumes, the thinner the shell (or layer).?!! These



novel features offer the possibility to produce advanced polymer structures and properties,
having intimately mixed polymer compositions at the molecular level that cannot be achieved
in a single-volume reactor type, post-reactor chemical modification nor by mechanical blending

of the different polymers in an extruder.
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FIGURE 1 Comparison of the expected particle morphology and microstructure obtained from
(a) a two-stage polymerization of 2 single-volume reactors in series, and (b) a multi-volume

reactor (MZCR), adapted from Galli and Vecellio,?! and Liu et al.l*?]

2.1 Single-volume gas phase polypropylene reactors
2.1.1 Fluidized bed reactors (FBR)

The FBR consists of an empty vertical cylinder with a disengagement zone (an expanded
dome vessel to reduce the rising gas velocity and the entrainment of polymer particles) (Figure
2). The flow rate of the circulating gases (including monomer, inert, chain transfer agent (CTA),
and comonomer(s) for RCP production) is set to fluidize the growing polymer particles, and
maintain a stable reactor temperature (by evacuating the heat of polymerization). The gas
exiting the reactor is subsequently compressed, cooled and recycled back, together with make-
up monomer/comonomer(s) and appropriate quantities of fresh hydrogen, to the bottom of
reactor. Catalyst particles (i.e., Ziegler-Natta or metallocene catalyst) on the size order of 20—
80 um in diameter, or prepolymerized catalyst particles (around 500 um in diameter), are
continuously introduced into the FBR at a point slightly above the gas distributor to catalyze
the reaction with the circulating gases. The obtained polymer is continuously withdrawn from
the reactor at a point close to the bottom of the bed. Generally, a broad size distribution of

polymer particles is obtained, ranging between 100-5000 pm.®



TABLE 1 Industrial gas phase technologies for polypropylene production.!

8,20,23]

Technology Developer/ Cat. Multistage gas-phase processes Operating conditions!*’!
Owner type Homopolymer Impact P T RT C; EPR
(iPP) copolymer (bar) (cC) (hr per | content | content
(EPR) reactor) | (% wt) | (% wt)
UNIPOL Union Carbide/ ZN 1 FBR 1 FBR 25-35 | 60-70 ~1 up to 19 ~37
Dow Chemical (Condensed gas phase) (Gas)
SUMITOMO Sumitomo ZN 1 FBR 1 FBR 30-35 | 70-80 ~1 - -
Chemical (Condensed gas phase) (Gas)
CATALLOY LyondellBasell ZN 1 FBR 2 FBR 20-40 | 60-90 | ~0.5-2 - Up to 65
(Condensed gas phase) (Gas)
NOVOLEN BASF/ Lummus ZN 1 VSBR 1 VSBR 20-35 [ 50-105 ~1 up to 22 ~43
Novolen Tech | and M (Gas) (Non-condensed
gas phase)
INNOVENE Amoco and ZN 1 HSBR 1 HSBR 22-30 | 60-85 ~1 22 -
Chisso/ Ineos and M | (Condensed gas phase) (Gas)
HORIZONE Amoco and ZN 1 HSBR 1 HSBR 25-30 | 65-85 ~1 - Up to 60
Chisso/JPP and M | (Condensed gas phase) (Gas)
(Japan PP Corp.)
SPHERIZONE | LyondellBasell ZN 1 MZCR 1-2 FBR 25-30 | 70-90 ~1 Upto8 -
and M (Gas) (Gas)




TABLE 2 Gas phase reactor technology classified based on the number of zones (volumes) of the reactors.

[8,23,24]

Volume of Technology reactor Number of | Estimation of RTD | Estimation | Overall RTD | Polymer
reactors type zones in each reactor of overall | distribution composition
RTD distribution
Single-volume | UNIPOL, FBR 1 1 CSTR Broad Broad
reactors SUMITOMO,
CATALLOY
NOVOLEN VSBR 1 1 CSTR Broad Broad
Multi-volume | INNOVENE, HSBR 3-5 3-5 CSTRs in series | PFR Narrow Narrow
reactors HORIZONE
SPHERIZONE | MZCR 2 2 PFRs in loop CSTR Broad Narrow
(Riser/Downer)
- FBR-IC ~2 1 CSTR (Cone) CSTR Broad Narrow
2 PFRs in loop
(Riser/Downer)
- FBR-EC 3 1 CSTR (FBR) CSTR Broad Narrow
2 PFRs in loop

(Riser/Downer)




Although there is a complex, recirculating flow structure in the powder phase of a CSTR
(Figure 2a), it is a common practice to assume that the recirculation rate is fast enough that we
can approximate the RTD of the particle phase in the FBR by that of a CSTR, which means
assuming perfect mixing (i.e. assuming uniform concentrations and temperature) as suggested
in Figure 2b. To model a more complex RTD, we can conceptually divide the rector into
interconnected zones which will allow us to better account for thermal and concentration

) [19,25-27
b

gradients in the reactor (Figure 2¢ I'but the overall RTD of the particle powder may still

be approximately that of a CSTR.
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FIGURE 2 (a) Simplified diagram of a typical FBR; (b) a basic simplified FBR model as a
CSTR; (c) a compartmentalized FBR model, adapted from Alves and McKenna!?®]

FBRs are nowadays the dominant gas phase process for linear low-density polyethylene
(LLDPE) production, and are widely used for PP production (especially ICPs), because of their
high capability for heat evacuation compared to other gas phase reactors. However, since FBRs
are characterized by a relatively broad RTD, the obtained product is not uniform. Indeed, a
single FBR (like a single CSTR) will make polymer with a broader PSD or MWD than will a
series of reactors or reaction zones. In addition, it is impossible to make polymers with complex

properties (i.e., onion-like structure) using a single FBR. In these cases, it is required to have at



least two FBRs in series, to have different polymerization conditions in each reactor (i.e.
temperature and gas compositions). For example, CATALLOY technology (see Figure 1S in
Supporting Information) employs up to three FBRs in series; one for making iPP or RCPs in
the first polymerization step, and two or more FBRs to produce RCP or ICPs in the second

copolymerization step.

2.1.2  Vertical stirred bed reactors (VSBR)

The VSBR configuration is generally a stirred autoclave reactor with a spiral stirrer
mounted at the bottom of the stirred vessel (Figure 3).[2% The agitation system is designed to
keep the bed moving up along the side walls while allowing the polymer powder to move
downward through the center of the bed under the influence of gravity and increasing weight
of the growing polymer particles.”®! The mixture of particle powder and carrier gases is
discharged from the reactor top via a dip tube. Thorough distribution of catalyst, cocatalyst, and
(partially) liquified monomers at the feed point to the reactor must be achieved to avoid local
overheating which would lead to the formation of agglomerates in the polymer bed. In addition,
the temperature in the reactor must be controlled above the dew point of the recirculating gas
to prevent condensation and pooling of liquid propylene at the bottom of the reactor which may
cause uncontrolled polymerization, particle agglomerations, lump formation and fouling
issues.[?”) Otherwise, like the FBR, the RTD of the particles in a VSBR approaches that of a
CSTR. Therefore, the VSBR is classified as a single-volume reactor. Once again, the limitation
of the VSBR is recognized as the same as the FBR: the non-homogeneity of the final products
due to the imposed polymer RTD, and the reduced flexibility to control polymer structures and
properties. The NOVOLEN process is an example of the commercial process based on VSBR

configuration (see Figure 2S in Supporting Information).
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FIGURE 3 Simplified diagram of a typical vertical stirred bed reactor (VSBR)

2.2 Multi-volume gas phase polypropylene reactors
2.2.1 Multizone circulating reactor (MZCR)

The design of a multizone circulating reactor (MZCR) for polypropylene production
was originally developed by LyondellBasell, and was successfully commercialized at Basell’s
plant in Brindisi (Italy) in the early 2000s as the basis of the SPHERIZONE technology.!?*-]
The MZCR configuration is shown in Figure 4. The MZCR can be optionally connected with a
FBR in series for the production of high impact PP, as shown in Figure 3S in the Supporting

: 31
Information.[*"
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FIGURE 4 (a) Simplified diagram of MZCR, adapted from Covezzi and Mei,'*”! (b) Multi-
volume reactors of MZCR modeled as 2 PFRs

The MZCR consists of two interconnecting reaction volumes, the “riser” and the

“downer”, and a cyclone located at the top of the downer.

- Riser: In the riser, the growing particles and reacting gases move upward under fast
fluidization conditions with an RTD that can be approximated by a PFR. The superficial
velocity of the gas is maintained at much higher values than the terminal velocity of the
particles to ensure highly and a uniform temperature along the riser.[*”) The gas mixture
of the riser contains a higher fraction of hydrogen than the downer, which leads to the

production of a lower polymer molecular weight.

- Cyclone: A mixture of the growing particles and the remaining gases leaving the top of
the riser is fed to a cyclone. In the cyclone, the polymer particles move downward by the
action of gravity, and enter the downer (i.e. the second polymerization volume), while the
gas is removed at the cyclone top, and is then compressed, cooled and recycled to the

riser feed stream.

- Barrier fluid: Another important section of the MZCR is the barrier fluid. It is defined as
the gas-liquid mixture which is introduced at the top of the downer (just below the
cyclone, at the inlet of the downer) and is essentially dispersed uniformly over the upper
surface of the densified polymer particles. Once it enters the downer, the barrier fluid is
partially evaporated to establish a net gas flow upward in the upper portion of the downer.
By this way, the riser gas coming into the downer is nearly totally replaced by the
evaporated gases. The gas composition of the barrier fluid is generally different from the
gaseous mixture coming from the riser. In principle, this allows one to operate the reactor
with different concentrations of monomer, comonomer, and hydrogen (molecular weight
regulator in the riser and in the downer.). The evaporation of the barrier fluid not only
acts as a barrier to the gas coming from the riser, but also helps removing the heat of
reaction developed in the downer,*”) thus allowing to control the temperature profile in

the downer in a reliable way.!*?]

- Downer: In the downer, the growing polymer particles move downward in a plug flow
mode (in a moving packed/densified form). The downer operates under conditions close

to adiabatic conditions. A large part of the particles leaving the downer is recirculated to

12



the first polymerization volume (riser) with high recycle ratios. According to Ergun’s law
of moving packed bed, gas and solid in the downer co-currently flow downward, and the
pressure decreases from the top to the bottom.[?**Y) Since the gas phase has a different
composition in the downer compared to the riser, a polymer with a different composition
from that made in the riser (and thus properties) is produced here. This means that
polymers with a much wider range of properties can be made in this single multizone

reactor than in a single volume reactor.

A continuous circulation of the polymer particles is maintained by balancing the
pressure between the two polymerization zones and by the head losses.*?l While the flow
patterns of particles in both the riser and the downer are similar to plug flow conditions, the gas
and particles recycling imply that the overall MZCR can be approximated by an ideal CSTR.
The particles move around through the two different reaction zones between 50 and 100 times
due to the influence of the high recirculation rate of the polymer particles between the two
reaction volumes (about 250 to 700 ton/hr). The particle’s residence time per pass is
approximately 120 seconds for a full circulation cycle, whereas the overall residence time of
the MZCR is roughly 2 hours. This configuration creates multiple polymerization stages, thus
building up polymer layers with slightly different composition in each cycle.!®!

The holdup and residence time in each leg of the reactor can be adjusted to vary the
polymer properties between the two polymerization zones to suit different requirements.
LyondellBasell claimed that this technology can be used to produce nearly uniform
homopolymers, ranging from narrow to very broad molecular weight distributions, random
copolymers or terpolymers with a better balance of stiffness and impact strength properties,
including twin random copolymers as well as random and heterophasic copolymers.?!!

Heat removal is achieved either by operating the transport gas in condensed mode, or

with a cooling jacket placed around the external wall of the riser and the downer tube.[”]

2.2.2  Fluidized bed reactor with internal circulation (FBR-IC)

The FBR with internal circulation (FBR-IC, Figure 5) has been designed to increase the
PP production rate by an improved solid-gas mixing.l*3! In this technology, the conventional
FBR is divided into two compartments by installing a vertical draft tube in the center of the
reactor bed (also known as “FBR with a draft tube”). As a result, the two reactor zones can be

operated in two different flow regimes (one flow regime is inside the draft tube and another in

13



the annular region) making them different in thermal transport properties, temperature gradients
and possibly even composition. >+

The internal region of the draft tube forms fast fluidization state in which the growing
particles and reacting gas move upward, then they are forced to make an internal circulation in
the second zone of the fluidized bed (due to the disengagement zone and the reduction in
velocity). The outside of the draft tube becomes an annular region in which the growing
particles move downward in a densified form under the action of gravity (the so-called ‘‘moving
bed’*).3¢) Polymer particles leaving the bottom of the annulus region go to a conical bottom
section, and are then reintroduced into the draft tube. Some polymer is discharged from the
annular region near the bottom of the FBR. The flow regimes in both compartments are
comparable to plug-flow conditions whereas the cone section can be considered as a CSTR
(Figure 5b).4

According to WO Patent 00/6955257) and US patent 2016/0002376 A1, the use of
the FBR with a draft tube operated in condensed mode allows us to increase the amount of
condensed liquid that can be supplied in proportion to the total amount of gas feed, compared
to the traditional FBR. This increases the heat removal capacity of the reactor, thus allowing a
higher polymer production rate at the same reactor dimensions.

This special design is suitable for retrofitting existing FBR with a simple modification
and presents several advantages over conventional FBRs as discussed above. The author of WO
Patent 00/6955237) claimed that this configuration does not offer the possibility to produce
different types of polymeric chains in the different zones since the gas composition is essentially

the same in both compartments during the total residence time of the particle in the reactor.l*”]
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FIGURE 5 (a) Simplified diagram of fluidized bed gas phase reactor with internal circulation
(FBR-IC) or FBR with a draft tube; (b) Multi-volume reactors of FBR-IC approximated by a
CSTR and 2 PFRs, adapted from WO Patent 00/695521*7) and Meier et al.?¥

2.2.3 Fluidized bed reactor with external circulation (FBR-EC)

The FBR with external circulation (FBR-EC) was proposed by Basell in early 2000.
This reactor extends the concept of multizone circulating reactor (Basell’s SPHERIZONE
process) in which the standard FBR is set up with three interconnected reaction volumes (Figure
6). An interconnected dip tube is added to the center of the FBR (in a comparable way as in the
FBR-IC presented previously) but this tube is extended to exit the FBR and form a recycling
tube. According to WO patent 2004/033505 A1,53! the purpose of this development is to be
able to retrofit the conventional FBR so as to increase the broadening the polymer MWD while
maintaining a high homogeneity level of the final product. As with the internally circulating
FBR, the overall effect of this configuration is to have 2 main volumes like in the MZCR. The
distinction between the zones is probably not as fine or well controlled as in the MZCR (e.g.
no inter-stage degassing).

The monomer gas is introduced through a distribution plate. The growing polymer
particles move upward in the annular region at gas velocities above the minimum fluidization
velocity. This constitutes the first reaction volume. At the top of the FBR, the particles reduce
of velocity in the disengagement zone and fall back, with some of them entering the second
polymerization volume (the so-called downer), the vertical pipe inserted in the center of the
FBR.

In the downer, the growing polymer particles move downward in a densified form under
the action of gravity, a positive gain in pressure can be obtained along the flow direction. The
gas mixture present in the first zone can be partially prevented from entering the second zone
by introducing a barrier fluid having different composition via lines placed at the upper part of
the second reaction volume. The gas barrier mixture and the polymer particles flow downward
along the second reaction volume.

The third reaction volume (the so-called riser) consists of a pipe placed externally to the
FBR operated under fast fluidization to transport polymer particles exiting the bottom of the
downer (i.e. the second volume) upward and reintroduce them into the first reaction volume.
Similarly, the gas mixture flowing downward along the second reaction volume can be partially

prevented from entering the third polymerization volume. This can be achieved by feeding a
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barrier fluid at the bottom of the second polymerization volume. The polymer product is
discharged from the reactor near the bottoms of the first and second polymerization zones.
Like the MZCR, this reactor configuration can be operated at different gas compositions
in a single reactor allowing broadening of the MWD and CCD while maintaining a good
homogeneity of the polymer particles. The flow behavior inside the riser and the downer can

be described by a PFR while the annulus-shaped FBR can be considered as a CSTR.
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FIGURE 6 (a) Simplified diagram of a fluidized bed gas phase reactor with external
circulation (FBR-EC); (b) Multi-volume reactors of FBR-EC approximated as a CSTR and 2
PFRs adapted from WO patent 2004/033505 A 13!

2.2.4 Horizontal stirred bed reactors (HSBR)

The horizontal stirred bed reactor (HSBR) was originally developed in the 1970s for
polyethylene, but is now exclusively used for PP (Figure 7a). The INNOVENE process based
on two HSBR in series is presented in Figure 4S (see the Supporting Information). The HSBR
is a horizontal cylindrical vessel mechanically stirred by paddles, mounted on a central shaft,
to permit agitation of the powder. The gas phase is in cross flow with respect to the main
direction of powder flow. It can be imagined as being divided into several reaction volumes
that offer the ability to individually control reaction temperature, gas-phase composition and
quench liquid flow rates along the axial direction of the reactor. So, a polymerizing particle can
see different gas compositions, and eventually temperatures inside the single reactor. This

means that one could make a polymer with a bimodal molecular weight by independently
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controlling the hydrogen concentrations at the different polymerization volumes of a single
HSBR, or a gradient in RCP/ICP composition by doing the same thing with a mixture of

monomers. 2?38
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FIGURE 7 (a) Simplified diagram of a typical horizontal stirred bed reactor; (b) multi-volume

reactors modelled as a 5 CSTRs in series adapted from Soares and McKenna!?’!

The flow pattern of the powder and the RTD inside of the HSBR are unique and differ
from other gas phase reactors. Indeed, in the HSBR, the polymer RTD is narrower compared to
single-volume gas phase reactors (e.g. FBR, and VSBR). The polymer RTD of the HSBR is
roughly comparable to a PFR% and can be described roughly by three to five equi-volume
CSTRs in series depending on the size of the reactor!®®! (see Figure 7b). However, more
sophisticated powder RTD have also been proposed, where the CSTRs in Figure 7b can be
thought of as having different sizes, with eventually back mixing of the powder between

zones.[39]
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3 MATHEMATICAL MODELLING OF MULTIZONE GAS PHASE
(CO)POLYPROPYLENE REACTORS
3.1 Multiscale modelling frameworks for gas phase catalytic polymerization
According to the definition provided by Ray (1986, 1991),[1%13] the multiscale modelling
framework can be divided into three different length and time scales based on the characteristics
and phenomena occurring in the polymerization systems as follows:

(1) Microscale (kinetic modelling): defined at the molecular level at which the
polymerization kinetics take place at the active sites on the order of Angstroms
(10719 to 1078 m).

(2) Mesoscale (mass and heat transport, and thermodynamic modelling): starting from
catalyst particles to polymer particles with characteristic diameters on the order of
107® to 1073 m. This scale involves the interphase phenomena including the
sorption (i.e. gaseous species transfer from the continuous phase through the
boundary around the particle), and the intraphase phenomena (i.e. transport or
diffusion from the particle surface through the polymer particle), until the reaching
of thermodynamic equilibria. This scale also concerns heat transfer through the
particle. Besides, catalyst fragmentation, polymer particle morphology
development, and interaction between particles (causing aggregation or breakage)
occur.

(3) Macroscale (reactor modelling and control): defined at the reactor level and taking
into account the hydrodynamics (macromixing), residence time distribution (RTD),
heat and mass transfer in the reactor, and overall material and energy balances, as
well as process optimization and control, with characteristic volumes on the order

of cubic meters.

The detailed summary of multiscale modelling for gas phase olefin polymerization is
presented in Table 3. The characteristic length and time scales here should be taken more as a
rough guideline than as strict limits for reasons we will discuss below. The relationships
between the three modelling scales in the case of polyolefin production in MZCR is presented

in Figure 8.
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FIGURE 8 Schematic representation of a multiscale framework with three different length and

time scales in a multi-volume polymerization reactor according to Ray!%!3!

It should be pointed out that boundaries of these three modelling scales are not clearly
defined, as these scales are often overlapped due to the complex nature of the gas phase
polyolefin reactors and the strong interaction between polymerization kinetics,
thermodynamics, heat and mass transfer phenomena, and hydrodynamics.”’ However, the
connection between the different scales might represent a challenge at the conceptual and
computational levels. As suggested in Figure 8, one could easily define more than three length
(and time) scales for this type of process.

Soares and McKenna!*" proposed up to 7 potential levels of complexity for the study of
olefin polymerization reactors. Zhu et al.*!l developed a multiscale model to describe the
particle behavior in propylene polymerization in an FBR. According to their work, the
multiscale phenomenon may occur at 5 scales; namely, molecular scale (reaction kinetics),
microscale (catalyst particle), mesoscale (polymer particle), macroscale (polymerization
reactor), and plant scale (full process plant), while their multiscale modeling is defined by the
same 3 scales defined above. Touloupidis!'!! employed 3 modelling length scales for both slurry
gas phase polymerization reactors, and proposed a procedure for the estimation of kinetic rate
constants. In their work, the microscale includes kinetic modelling, the mesoscale includes
thermodynamic modelling (without single particle modeling), and the macroscale includes

5181 developed a multiscale model to describe

reactor modelling. Dompazis et all
morphological (i.e. PSD) and molecular polymer properties (i.e. average molecular weights and
MWD) for gas phase ethylene—propylene copolymerization over a multisite ZN catalyst, in an

FBR, and identified 4 different length scales: a kinetic molecular scale, a microscale for
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particle-level events, a mesoscale for particle interactions, and a macroscale for reactor level
phenomena.

For gas phase catalytic olefin polymerization multizone reactors, the 3 level approach
proposed by Ray!'% can be applied, as fewer levels of detail are not sufficient to cover the entire
process. This said, aside from the papers mentioned above, most of the researchers focused on
the micro- or macro- scales, and only few groups developed a complete multiscale model for
multizone gas phase polymerization reactors. We will return to this point in Section 4.

Santos et al.l'®!7] were the first to employ a fairly complete multiscale framework
(including a kinetic model, a single particle model, and a reactor model) to the MZCR for
propylene homo- and copolymerization. Later, Tian Z. et al.l** applied the multiscale approach
to predict the polymer PSD of propylene polymerization in the HSBRs. However, in these
models, thermodynamic modelling was quite simple, as Henry’s law was used to predict the
concentrations of monomer and comonomer at the active sites. As we will see in section 3.3,
thermodynamic models can significantly affect the monomer and comonomer concentrations,
and thus the polymerization rate, especially under high pressure.

A summary of the implemented partial and full multiscale modelling framework for the
gas phase multizone catalytic polymerization reactors including the MZCR, the FBR with
internal circulation, and the HSBR is shown in Table 4. Before discussing specific reactor
models, we will provide an emphasis of the issues that need to be addressed at each modelling
scale, with a focus on gas phase propylene polymerization. Obviously, this analysis can be
extended to slurry or mixed phase reactors, as well as to ethylene homo- and copolymerization

with specific adjustments required at different points.

3.2 Microscale: Molecular level
Many researchers, far too numerous to enumerate in the current paper (readers are

[17.51-57] for an overview of some of these works), have studied the homo-

referred to references
and copolymerization kinetics of polypropylene produced with solid catalysts including high-
activity supported TiCls/MgClz Ziegler—Natta, unsupported TiCls, and recently commercialized
Metallocene systems. In general, the ZN catalysts are multi-sites, which leads to the production
of polyolefins with broad MWD. Typically, these catalysts are said to contain between 3 and 6
sites;1*>7-1 where each site has its own set of kinetic parameters, leading to different reaction

rates and properties (e.g. chain length and comonomer fraction in polymer).[6%-61]
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TABLE 3 Summary of the multiscale modelling for gas phase olefin polymerization.!

9-12]

Microscale Mesoscale Macroscale
Time scales < 10° seconds < 10% seconds > 10? seconds
Length scales Angstrom Micrometers Meters
Level Molecular Single particle and its boundary layer Reactor
Model Kinetics - Mass and heat transfer: e.g. Single Particle Overall momentum, mass, and energy
Examples: Models (SPM) such as PFM/ RPPFM, and MGM  balances, population balance model:
- Kinetic Monte Carlo - SPM coupled with a CFD model (adapted to the reactor geometry, CSTR,
simulation - Diffusion models PFR, etc.)
- Global kinetics - Thermodynamic models (e.g. Henry’s law, Example:
Sanchez-Lacombe EoS, SAFT/PC-SAFT) - Compartmentalized models
- Particle morphology - Hydrodynamic models
- Breakage and aggregation kernels
Model outputs  Molecular structure - Concentration and temperature gradients inside - Evolution of temperature and

properties (i.e., M,,, M,,, PI,
MWD, CCD), reaction rate
in bulk

polymer particle

- Diffusion rate of gaseous species in the
amorphous phase

- Solubility of monomer(s) and other species into
the amorphous polymer at equilibrium

- Polymerization rate and particle growth rate

- Evolution of the PSD

concentrations (of monomer, other gases,
particles of different sizes) in time and in
space

- Reactor performances (productivity,
conversion, etc.)

- Product qualities (i.e., My, M,,, P, MWD,
CCD, PSD, etc.) in time and in space

- End-use properties (density, melt index)
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TABLE 4 Summary of the implemented (partial and full) multiscale framework for gas phase multizone olefin polymerization reactors.

Reference Systems Microscale Mesoscale Macroscale
(Monomer/ Reactions Catalyst/ Thermodynamic | SPM Reactor type | No of | Zone/
Comonomer) No of site | model zones | Flow regime/
types Model
Fernandes et | PE (LLDPE) - Site activation ZN / 1site | C/ ™ =Cuk - MZCR 1. Riser/Fast fluidization
al [4344] (Ethylene/1-butene) |- Chain initiation regime/PFR
- Propagation 2. Downer/Moving
- Chain transfer to monomer, packed bed regime/PFR
comonomer, hydrogen
Adli et al.**! | PE (LLDPE) - Site activation ZN/1site | CP'=Cpuk - MZCR 1. Riser/Fast fluidization
(Ethylene/1-butene) |- Chain initiation regime/PFR
- Propagation 2. Downer/Moving
- Chain transfer to monomer, packed bed regime/PFR
comonomer,
hydrogen
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Reference Systems Microscale Mesoscale Macroscale
(Monomer/ Reactions Catalyst/ Thermodynamic | SPM Reactor type |No of | Zone/
Comonomer) No of site | model zones | Flow regime/
types Model
Ghasem et PE (LLDPE) - Site activation ZN/1site | CP'=C™ - MZCR 1. Riser/Fast fluidization
al 14647] (Ethylene/1-butene) |- Chain initiation regime/PFR
- Propagation 2. Downer/Moving
- Chain transfer to monomer, packed bed regime/PFR
comonomer, hydrogen
Santos et PP (HPP and RCP) |- Chain initiation ZN /1site |Henry's law Multigrain | MZCR 1. Riser/Fast fluidization
al 1617l (Propylene/ethylene) |- Propagation model regime/PFR
- Chain transfer to hydrogen (MGM) 2. Downer/Moving
packed bed regime/PFR
Meier et al.**! | PP-HPP - Chain Initiation Metallocene | - Flory-Huggins | - FBR-IC 1. Annulus zone/Moving
(Propylene) - Propagation Equation packed bed regime/PFR
- Catalyst site deactivation - Peng-Robinson 2. Draft tube zone/Fast
Equation fluidization regime/PFR
3. Cone zone/Perfectly
mixed phase/CSTR
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Reference Systems Microscale Mesoscale Macroscale
(Monomer/ Reactions Catalyst/ Thermodynamic | SPM Reactor type |No of | Zone/
Comonomer) No of site | model zones | Flow regime/
types Model
Zacca et al.”! | PP-HPP and ICP - Catalyst Site activation ZN /2 sites | Benedict Webb- | - HSBR/VSBR/ |4 CSTR/Perfectly mixed
(Propylene/ethylene) |- Chain Initiation Rubin equation FBR phase/4 CSTRs in series
- Propagation of state (BWR
- Chain transfer to hydrogen EoS)
- Catalyst site deactivation
- Site transformation
Khare et al.*® | PP-HPP and ICP - Catalyst Site activation ZN / 4 sites |PC-SAFT EoS |- HSBR 4 CSTR/Perfectly mixed
(Propylene/ethylene) |- Chain Initiation (binary system) phase/4 CSTRs in series
- Propagation
- Chain transfer to hydrogen
- Catalyst site deactivation
Tian et al.*?) | PP-HPP - Catalyst Site activation ZN/1site | Henry’s law Polymer HSBR 4 CSTR/Perfectly mixed
- Propagation multilayer phase/4 CSTRs in series
- Catalyst site deactivation model
(PMLM)
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Good overviews of the possible kinetic schemes in olefin polymerizations in slurry and
gas phase ZN catalysts are given by Touloupidis'!! and Thakur et al.l®! The elimination of
some elementary steps is typically made to simplify the development of the kinetic model, while
retaining the ability to accurately estimate the overall polymerization rate and polymer average
molecular weight.

In this review, we will pay particular attention to propylene homopolymerization and
propylene-ethylene copolymerization kinetics with supported Ziegler—Natta catalysts. Table 5
shows the general kinetic mechanisms for propylene-ethylene copolymerization over a multi-
site Ziegler-Natta catalyst (“4” refers to the site number). The reactions include catalyst
activation (mostly with cocatalyst, but can be spontaneous), chain initiation, propagation, chain
transfer (mostly to hydrogen), spontaneous chain termination, formation and reactivation of
dormant site and thermal site deactivation. The homopolymerization kinetics can obviously be
obtained by eliminating all reactions involving ethylene. It should be noted that the most
common chain transfer reaction is by hydrogen, with only little possible chain transfer to
monomer, comonomer, solvent, cocatalyst, or spontaneous chain transfer.

Regarding the hydrogen response, it is well-known that hydrogen not only acts as a CTA
in polyolefin polymerization, but it also influences the polymerization rate, depending on the

627641 that transfer to hydrogen may lead

monomer. Indeed, it was found by several researchers!
to a decrease in the reaction rate in ethylene polymerization. In propylene polymerization, it
leads to an increase in the reaction rate at low hydrogen concentrations, but adding hydrogen at
moderate to high concentrations may decrease the propylene polymerization rate,[®>67! These
findings are explained by the so-called “dormant site theory”.[65-67]

In the dormant site theory, propylene can either be inserted into a growing polymer chain
by primary 1,2 insertion (Figure 9a) or a secondary 2,1 insertion (or regioirregular insertion)
(Figure 9b). When inserting with regioirregular 2,1 insertion, the methyl group of propylene
can block the activated Ti atom on the catalyst, creating a temporarily dormant or sleeping site;
the active site is not deactivated but sterically blocked. When hydrogen is added, it is suggested
that it is small enough to pass through the methyl group and decouple the growing polymer
chain by reacting with the Ti-polymer chains (Figure 9c). The vacant active site is then

converted to a transition metal hydride Ti—H bond that can be reactivated by propylene or

ethylene in the re-initiation and propagation steps. At low to moderate hydrogen levels, this

25



leads to an increase in the reaction rate in propylene polymerization, compared to reactions

done in the absence of hydrogen.
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FIGURE 9 Formation and reactivation of dormant sites: (a) Primary 1,2-Insertion of
propylene, (b) Secondary 2,1-Insertion of propylene to create a dormant site, (c) Chain transfer

to Hydrogen after 2,1-Insertion to free up a dormant site, adapted from Ali et al. > and Putten
[68]

Several modelling approaches can be adopted to calculate the reaction rate based on the
reaction scheme shown in Table 5, such as population balance modelling of the chain length
(on which the method of moments can be applied) or the kinetic Monte Carlo method. The
method of moments is the most commonly used due to its simplicity and less numerical
effort.[611:9] Excellent reviews of the modelling methods used for the calculation of the
molecular properties (e.g. the number and weight-average molecular weights and the
polydispersity index) can be found in references.[*’") Assuming a single site catalyst and using
the method of moments, the net reaction rates of the molecular species and the polymer chains
in the supported ZN olefin polymerization are given in Table 6.

The chain length (or molecular weight) averages can be estimated from the moments of
the chain length distribution (i.e. living and dead moments) as follows:

Number-average molecular weight of polymer (Mn) is defined as:

= (22 »
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TABLE 5 Generalized kinetic schemes of gas phase copolymerization of propylene (1) and ethylene (2) over a Ziegler-Natta catalyst for multi-site

type “k” catalyst.

Type of reaction

Kinetic mechanism

Kinetic rate coefficients

Reaction description

References

Site activation by

cocatalyst

k Kok
Sp+Co - Py

kg

The potential catalyst active site (Sl’,‘) is
activated by cocatalyst to create a vacant

active site (PX)

[49,51,53,55 57]

Chain initiation

k
ki,
Pf +C, > Pfy

k
—Eaj;

k11 = k011e RT

k
k:

k Y2 pk

PO + Cz P1,2

k
—Eai'2

kK _ pk —2
ki, = koie RT

The vacant active site (PY) reacts with
monomer (C;) and comonomer (C,) to
produce living polymer chains with chain

length 1, (Pf; and Pf%,)

[49,51,53,5557]

Re-initiation i ~Eafi The vacant active site with Ti—H bond (P;) | %"
P0H+C1_’P11 lel_kOIHle RT .
react with monomer (C;) and comonomer
k EakH
Pk +C, 12>P12 lez = kk e e (Cy) to form living polymer chains with
chain length 1, (Plk,1 and sz)
ok [49,51,53-57]

Propagation

kp11

Pry+ C = Priyas

p21

2+C1 +11

k
p12
Pn1+C2 P+12
k

p22

k
Ppo+Co— Ppyqp

. -Eak;,
kpi1 = kOp 11€ RT

—Eap21
k 21 _k0p21e RT

—Eap12
k 2—1‘0p12e RT

The polymer chain grows during the
propagation step, a new monomer (C;) or
comonomer (C,) is inserted between the
catalyst site and the living polymer chain

with chain length n (P,’ﬁ 1 0r P,’i ,) to increase
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Type of reaction

Kinetic mechanism

Kinetic rate coefficients

Reaction description

References

~Eafy the polymer chain length by one unit
kX, =kk e Rr
p22 — "0p,22 k k
(Pr+1,1 OF Py 2)
Chain transfer to ki1 ~Eafiy, The living polymer chains (PX; and Pk,) | #2137

hydrogen

Pt +H, — Pl + Dk

k
tHZ

Pf, + H, —5 P§; + Dk

ktHl = kOtH 1€ RT

k
K —Eaty
Kino = kOtH 2€ KT

are terminated by transfer to hydrogen (H,)
to produce a dead polymer chain (D¥), and a
vacant active site with Ti—H bond (PL;)
which is able to react further in the re-

initiation step.

Spontaneous chain p Kk iy kX, The active site can be deactivated | [4931°3-57]
.. n1 —— Un ' .
termination . Kk, spontaneously to form a dead polymer chain
k )
Pk, 23 Dk
Formation of iy kKo Kors g kX Secondary 2,1 insertion of propylene into the | [65-6871]
. 1 1~ 9n . .
dormant sites i growing polymer chain creates a dormant
dor 2
,+C —> Sk k in (Sk
17 °n kk o chain (Sy)
Reactivation of | . kK v | KK The inactive dormant chain is reactivated by | [63-68.71]
Sy +H, fry P&, + Dk
dormant site by H> to create a vacant active site with Ti—H
hydrogen bond and a dead polymer chain
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Type of reaction Kinetic mechanism Kinetic rate coefficients Reaction description References
Reactivation of | k& . kk The reactivation of the dormant site may | (057571
Sn = Priia
dormant site by occur spontaneously to form a growing
spontaneous polymer with chain length 1
reaction
Site  deactivations gk I@S" ok —Eagr The potential active deactivates due to | [!
by Thermal P pd Kdr = koare 7 overheating at high temperature to form a
dead site




Weight-average molecular weight of polymer (Mw) is given by:

i = (5229 g

Polydispersity index of the chain length distribution (PI) is given by:

pr =¥ 3)

Mn

Where W is the average molecular weight of monomer species inserted into the chain:

W = 2?=1MWJ'CJP 4)
- 2 cP
j=1%j
Where Mw; is the molecular weight of the monomer (or comonomer) j and CjP is the

concentration of monomer at the active sites.

The kinetic coefficients in Table 5 follow Arrhenius equation, which implies the

temperature dependence of the reaction rates:

5)
k]k = k(l)(,jeR_T]

Where k, is the pre-exponential factor of the kinetic coefficient (m® mol's™! for 2" order rate
constant; or s™! for 1% order rate constant), Ea is the activation energy for the reaction (J mol”
1, R is the universal gas constant (J mol'K™!) and T'is the reaction temperature (K). Superscript
“k” 1s the number of the employed catalyst active sites, and subscript *;” is the notation for the
elementary reactions.

Note that in catalytic polymerization, the propagation rate coefficients are specific for
the studied polymerization system (i.e. catalyst system, and monomer) and they may vary with
time due to catalyst deactivation. This makes catalytic polymerization more difficult to model
than other mechanisms, like free radical or ionic polymerization. The estimation of these
parameters (k, and Ea) and/or reactivity ratios values (k;;/k;, and k,,/k,;) can be done by
fitting with experimental data related to the polymer production rate, the polymer

microstructure properties (e.g. MWDs, CCDs, etc.) as well as the end-use properties (i.e.
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polymer density and melt index). Several procedures for the estimation of the kinetic parameters
are discussed elsewhere.[!1:50-57:61.66.72.73]

Finally, it is important to state that the set of equations (Equations 6-21) in Table 6 is
highly coupled with the mesoscale model (thermodynamics and transport) and with the
macroscale model (concentrations and temperature in space in the reactor).'!! Indeed, the
accuracy of the kinetic model depends on how accurately one can estimate the concentrations
of the active species and temperature at the catalyst sites, appearing in the reaction rate

equations. The challenges associated with current state of the kinetic modeling for the propylene

(co)polymerization will be discussed in detail, later in section 4.1.

TABLE 6 Reaction rates of the molecular species and the moment chains in supported ZN

olefin polymerization with a single site catalyst, derived by the method of moments of chain

lengths®.
No. of
Species Reaction rate
Equation
Potential active (6)
. Rgp = _ka[sp] - kd.T[Sp]
site produced
Site deactivation Ry, 4 = kq1[Sp] (7)
Vacant activated (8)
sites Rpo = ka[Sp] — (ki1 CF + ki o CF)[Po]
Vacant activated
1
sites witha TimH Rpon = —(kin1CF + kin2C5 ) [Ponl + krn (611{32)5770 9)
bond 1
+ (ka1 + ktH,2¢2)/10(CIl;2)2
Monomers Ry = {ki1[Po] + kipg 1 [Ponl + (kp11¢1 + kp21¢2)/10}C1P (10)
R, = {ki,z [Po] + kin2[Pon] + (kp12¢1 + kp22¢2)/10}czp (a1
Hydrogen (12)

1 1
Ry, = (kuy191 + ka1 2002)20(Ch,)2 — ke (CF,)2 10

31



Living chains Rao = (ki1 CF + ki CH)[Po] + (ki1 CF + kipg2CF)[Pou] +  (13)
oth t
fnomen ko — Ao {(kdor,1¢1 + kdor,2¢2)C1P + (ktH,1¢1 +
1
kuar2$2 ) (CE,)? + ka
1** moment Ry, = (ki1C1P + kizczp)[Po] + (kiH161P + kiHZCZP)[POH] + (14)
kyny + AO{(kpnqbl + kp21¢)2)C1P + (kp12¢1 +
kpzz({bz)czp} - {(kdor,1¢1 + Kaor,2®2)CF + (kg ¢1 +
1
kar2$2 ) (CE,)? + ka
2" moment Ry, = (ki,lC'lP + ki,zCzP)[Po] + (kiH,lclp + kiH,ZCZP)[POH] + (15)
kr772 + (/10 + 2/11){(kp11¢1 + kp21¢2)clp + (kP12¢1 +
kp22¢2)c2p} — A, {(kdor,1¢1 + kdor,2¢2)Clp + (ktH,1¢1 +
1
k22 ) (CE,)? + ka}
Dead chains
th P 1 P 1
0™ moment Ry, = 2o (kd + ktH(CHZ)Z) + o (er (Cy,)z + kr) (16)
1%t moment bl p (17)
Ruy =X (ka + en(CE)Z) + makens (CE, )2
» b1 b 1
2" moment Ry, =2, (kd + ktH(CHz)z) + N2k (G, )? (18)
Dormant chains
1
0" moment Ryy = 20CF (Kaor,1 b1 + Kaorz2) = 1o (ke (CE)Z + k) (19)
13 moment b p 1
Ry, = G (kaorabs + aorzda) =ms (ken (G2 4 ki) 0
1
2 moment Ry, = 2,CF (Kaor,1 b1 + Kaorz2) = 12 (ke (CEDZ + k) (21)
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3.3 Mesoscale: Single particle level and its boundary layer

Discussions about modeling particle-particle agglomeration, particle break-up and
interactions between the particles and internal fixtures in the reactor can be found in other
review."”! In this review, the discussion will consider events at the mesoscale to include the
polymer particle and its boundary layer only.

Figure 10 shows a schematic representation of the interphase phenomena, including heat
and mass transfer across the boundary layer surrounding the growing polymer particle.’*”] In
gas phase ZN olefin polymerizations, the gaseous monomer and comonomer(s) are transported
from the continuous gas phase of the reactor to the external particle surface through the
boundary layer surrounding the polymer particle. Consequently, the gas species are transferred
through the polymer particle pores and through the amorphous polymer phase surrounding the
active sites. The heat, generated by the polymerization at the active sites, is transferred in the
inverse direction.!”¥

It is well-known that thermodynamic equilibrium and transport (i.e. heat and mass
transfer) both play a significant role in the polymerization rate and polymer properties (i.e.
molecular property and particle morphology).l'!! Indeed, single particles models allow one to
describe the diffusion of monomer(s) in the particle (so they do not assume equilibrium), but
equilibrium values are required as boundary conditions for this model. Therefore, precise
calculation of solubilities and diffusivities is very important in multicomponent mixtures.
Despite the importance of this last point, Alves et al.'”! showed that virtually no complete
modelling studies included thermodynamic models that included the complex co- and anti-
solubility effects that are present in multicomponent mixtures dissolving in polyolefins. They
also showed that ignoring these effects might lead to an under-prediction of the ethylene and
ICA concentrations in amorphous PE, and consequently to the underestimation of the

production rate.[”®)
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FIGURE 10 Schematic representation of the interphase phenomena (concentration and
temperature gradients) of a single particle made in gas phase catalytic olefin polymerization at

the mesoscale, adapted from Soares and McKenna!’* and Floyd et al.[”!

In the following subsections, an example of single particle model is presented. Then, we
discuss the methods used to predict equilibrium concentrations in the amorphous polymer phase
and we apply them to propylene-ethylene copolymerization. The models used to calculate the
diffusion coefficients of monomer into the polymer particle (taking into account codiffusivity
effects) are not presented, but recent reviews are provided. Similarly, for a review on the particle
morphology models, the reader is referred to the work of Alizadeh and Mckenna,!””! and will

not be discussed here.

3.3.1 Single particle models

Several single particle models have been proposed to describe the particle growth
phenomenon.[>78-831 Among them, the multigrain model (MGM) and the polymeric flow model
(PFM) are the most commonly used models to estimate the concentration and temperature
profiles inside the particle and predict its growth rate during the olefin polymerization.[?2) A
good overview and comparison of the several single particle models can be found in reference

1611 The development and solution strategies of the SPMs have been extensively discussed in
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the literatures: see for instance Floyd et al.,”>) Hutchinson et al.,’®*! Debling and Ray,!®]

McKenna and Soares,®®! Kanellopoulos et al.,[®¥ Alizadeh and Mckenna,”’! McKenna and
Ahsan,'?! and Ben Mrad et al.l¥’!

If one makes the assumption that mass transfer is controlled by diffusion, then the
importance of mass transfer resistance to monomer transport from the bulk phase to the active
sites will be determined by the competition between the reaction and the diffusion rates.
Increasing the polymerization rate can lead to the reduction of monomer availability in the
centre of the particles. Furthermore, anything that increases the characteristic time for diffusion
will have a similar effect. As diffusion through the pores is much faster than diffusion through
the polymer that covers the active sites, the characteristic thickness of the polymer layer (i.e.
the polymer particle morphology, or shape) is the determinant factor here. It is well-known that
the morphology of the real catalysts/particles and their physical properties (i.e. particle porosity,
pore size and size distribution) will change depending on the process and operating
condition.['>7477] This is one of the major challenges for developing particle level models.

Different models have been proposed, including the multigrain model,’* where the
particle (the polymer macrograin) is assumed be a collection of concentric layers of polymer
micrograins. As discussed by McKenna et al.,[® this is now generally taken to be unrealistic
and mathematically cumbersome. For this reason, most authors use some version of what is
known as the polymeric flow model (PFM), (also referred to as the polymer multilayer model
PMLM, or random pore polymeric flow model RPPFM).[33! In the PFM, the growing polymer
particle is treated as a pseudo-homogeneous medium composed of a mixture of polymer space
and pore space, in which the active sites are dispersed uniformly. The PFM has the advantage
of being relatively simpler compared to other SPMs, and if one knows the particle porosity (a
very big “if”), it is possible to propose a realistic value for the diffusivity through the particle.
However, as mentioned above, this requires a priori knowledge of the particle morphology (as
a function of time and instantaneous reactor conditions), which is not possible. This model gives
us good approximation of particle level phenomena, but remains a weak link in the modelling
hierarchy.

General mass balances around a polymer particle in gas-phase systems (Figure 10),
while neglecting the external mass transfer resistance across the particle boundary layer and
assuming the fragmentation step of the polymer particle to be complete, can be written as

follows:
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With the boundary conditions (for all 7):

0Cief 10 ( zaCi,eff> _ R (22)
4

Atr=20

%(rzo,t) =0 (23)

Atr =Ry,

Ciett(r = Ry, t) = Clog (24)
And the initial condition (¢ = 0):

Cierf(r,t =0)= 0 (25)

Where C; o is the overall effective concentration of species i per volume of entire
pseudo-homogenous, t is the polymerization time, r is the radial position in the particle of
radius Ry, D; o is the overall effective diffusivity of species i in the macroparticle and R; is the
polymerization rate of species i.

According to Equation (22), three important quantities need to be well-estimated: the
polymerization rate (R;) (which is related to the concentration of reactive species i in the
amorphous phase and temperature, and to the microscale kinetic model), the boundary condition
which is determined by thermodynamic equilibrium (see section 3.3.2), and the effective
diffusivity in the macrograin (D; ¢, see section 3.3.3), related to multicomponent solubility and

sorption thermodynamics.

The energy balances in a polymer particle can be written as follows:

aT 10 oT (26)
p =k —— (2 — .
PP Cop ot ke r20r (T 6r) + (-AH)R,
With the boundary conditions (for all 2):
Atr=20
aT (27)

E(rzO,t) =0
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Atr:RL

aT (28)

ke (r = Ru,6) = h(Ty = T)

Initial Condition (t = 0):
T(r,t =0)= T, (29)

Where T is the local particle temperature inside the particle, k. the effective thermal

conductivity of the particle, pP the global density of the particle, C, , the global heat capacity
of the particle and AH,, is the heat of polymerization.

The external convective heat transfer coefficient (h) can be calculated using correlations
for Nusselt number (Nu). It is worth mentioning that the external heat transfer resistance across
the particle boundary layer should not be neglected (unlike the external mass transfer resistance)
since the temperature difference between the continuous phase and the particle can be large for
certain gas phase polymerizations (e.g. over 10°C), especially at the beginning of the
polymerization. Therefore, the boundary condition of the energy balance in Equation (28) at
the particle surface (r = R|) must account for the external heat transfer resistance. Furthermore,
as discussed by Soares and McKenna, 3% modelling the external heat transfer coefficient is not
a straightforward task. Particle-particle interactions can mean that conductive heat transfer
between large and small particles is important. Therefore, Nu-based correlations should also
take into account the nature of the particle powder bed.

Equations (22) and (26) are coupled and must be solved together with the kinetic model

to estimate the concentration and temperature gradients in the growing polymer particle.

3.3.2 Thermodynamic models

Precise estimation of the solubility of a sorbed monomer/comonomer(s) in amorphous
polymer is essential in order to obtain the concentrations at the active sites and determine the
polymerization rate, especially when the cosolvent and antisolvent effects are significant.
Cosolvent (or cosolubility) effect is referred to the enhancement of the solubility of the lighter
component in the amorphous polymer when a heavier component is presented in the gas phase

composition (the heavier the alkene or alkane, the greater the effect), the antisolvent or
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antisolubility effect is, on the other hand, the presence of the lighter species decreasing the
solubility of the heavier one.

There are several thermodynamic models to describe phase equilibrium, ranging from
the simple Henry’s law, to more advanced activity coefficient models (e.g. Flory—Huggins
theory, etc.) or equations of state (EoS) (e.g. Sanchez-Lacombe equation of state—SL EoS, or
perturbed-chain statistical associating fluid theory—PC-SAFT EoS). A schematic comparison
of the equilibrium sorption behavior between the Henry’s law, the SL EoS model, and PC-
SAFT EoS model is presented in Figure 11.

Henry’s law SL EoS model PC-SAFT EoS Model

Propylene -~

Ethylene ..

Nar 08
N

FIGURE 11 A schematic comparison between the Henry’s law (sum of two individual ideal
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binary systems), the SL EoS, and PC-SAFT EoS models of the equilibrium sorption of the
propylene and ethylene in amorphous polypropylene (PP) (a ternary system).

Henry’s law

Henry’s law, the simplest thermodynamic model, can be used to describe the sorption
of monomer/commoner(s) in the amorphous phase of a semicrystalline polyolefin for an ideal
gas system. The validity of Henry’s law is limited to low concentrations (or low pressure) as
monomer-polymer interactions may influence the gas solubility at high pressures. Stern et al.!®”!
proposed a Henry's law empirical correlation as a linear function of the ratio of the critical

temperature of the penetrants to the actual temperature:
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logKj, = A+B (%)2 (30)

where Ky is Henry’s constant (mol/(atm L-amorphous)) of monomer i in the
amorphous polymer; this parameter is independent of both pressure and volume fraction. T is
the critical temperature of the monomer i, 7 is the reaction temperature, and A and B are fitting
parameters.

It should be noted that plasticizing effects due to penetrant sorption can occur above the
gas critical properties (i.e. P.;, and T.;). The following expression, referred to as Stern's
correlation,® was used to identify the condition at which pressures the Henry’s law model

begins to deviate by 5 % (Pgey):

log (Pd‘”) = 3.025 - 3.50 (%)) (D)

Pc,i

Hutchinson and Ray"®®! employed Stern’s correlation to fit the parameters A and B using
solubility data of different penetrants in semicrystalline polyethylene. Note however that the
identified parameters are valid only for polyethylene. To the best of our knowledge, these
parameters were not identified in the literature for polypropylene or its copolymers.

Thus, we used experimental gas solubility of propylene and ethylene in amorphous iPP
at temperatures 50, 70, 85 °C from Cancelas et al.®!! to estimate the Henry’s law solubility
coefficients. Table 7 shows the parameters used in the Stern’s correlation for polyethylene, and

iPP.

TABLE 7 Summary of parameters used in Stern’s correlation for the estimation of Henry’s law

constant (Ky, ).

Systems Parameters used in Stern’s Reference

correlation Equation (30)

Polymer type | Gas A B
components

PE o-Olefins ; —2.38 1.080 Hutchinson and
H> Ray (1990) Y
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iPP Propylene; —2.315 1.307 This work using
Ethylene; Cancelas et al. ’s

datal®!l

At equilibrium, the concentration of a dissolved species in the amorphous polymer phase

can then be calculated based on Henry’s law (Equation (32))):
CP = Kg,P; (32)

Where P; is the species i partial pressure in the vapor phase.
While Henry’s law works reasonably well for single component solubilities, or
solubities of mixtures with a dominant component, it is not able to account for the cosolubility

effects should they be important.

PC-SAFT EoS model
The original SAFT EoS approach contains a sum of three molecular contributions;
namely, reference, chain, and association contributions, to describe thermodynamic properties

5,12931 The reference term accounts for the dispersive interactions which is

of the fluid mixture
a spherical segment (i.e., Lennard-Jones interactions), a hard sphere, or the square-well
potentials. The chain term represents attractive interactions between the covalent chain-forming
bonds among the segments. Finally, the association term accounts for hydrogen bonding and
polar effects.’]

Over the last few years, various versions of the SAFT EoS have been proposed and
applied for chain-like molecules (i.e. polymer chains).”*) Among the modified SAFT EoS
model, the PC-SAFT EoS model,® represents the latest modification of the SAFT EoS
approach. The difference between the original SAFT and PC-SAFT models is that the attractive
interactions in the SAFT model occur between individual molecules and chain segments,
whereas the PC-SAFT model considers the attractive interactions between entire molecules
(Figure 11). So, the hard-sphere fluid for the dispersion term was used in the original SAFT
EoS model, while the hard-chain fluid was used in the PC-SAFT model, which is more realistic
in describing the thermodynamic behavior of the chain-like fluid mixtures.

Modelling of the PC-SAFT requires three pure-component parameters for a

nonassociating molecule: the segment number (m) corresponding to the deviation of the
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molecules from the spherical shape, the segment diameter (o), and the reduced interaction
energy (¢/k) corresponding to the energy involved in the interaction between two segments.
These parameters can be obtained by fitting to pure components data (i.e. vapor-pressure
data) for the compounds of interest. To describe the binary and ternary mixtures, it is
required to adjust the binary interaction parameters (kij) to correct for the deviations of the
geometric mean of the energy parameter.l”! A full set of the PC-SAFT EoS expression as

well as values of the three pure-component parameters can be found elsewhere.[** %]

SL EoS model

The SL EoS is the extension of the well-known lattice theory of Flory and Huggins
where the pure molecules are assumed to have one or more segments, and arrange randomly
into a lattice structure (Figure 11). Unlike Flory—Huggins theory, the empty sites (or free
volume) in the lattice are included in the SL EoS, thus allowing the model to account for
compressibility and density effects due to volume changes.[*’8] The main equations of the SL
EoS model equations can be found in the Supporting Informationsupplementary materials.

In the SL EoS model, the thermodynamic properties of the pure components can be
characterized by three characteristic parameters, namely, characteristic temperature (77%*),
characteristic pressure (P*) and close-packed mass density (p*). These parameters are generally
available in the open literatures for a wide variety of gaseous penetrant species and
polyolefins 171011 For the mixture systems, the characteristic interaction energy for the
mixtures (€., ), the characteristic closed-packed molar volume of a mer of the mixtures (vyix),
and the mixing rule for the number of sites (mers) occupied by a molecule of the mixture (%)
can be defined using the “van der Waals” mixing rule.

Similar to other equations of states, the SL EoS model relies on a binary interaction
parameter (ki) which similarly can be identified based on experimental sorption data. A
summary of the k; correlations found in the literatures for the binary— and ternary systems for
both SL EoS is given in Table 8. It is important to point out that the presented ki correlation is

only valid for the fitting experimental ranges.

TABLE 8 Summary of the thermodynamic modeling and binary interaction parameters used

for binary- and ternary systems in propylene (co)polymerization.
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System Models Binary Interaction Confidence interval  Reference
Parameters (kij)
Binary system
Ethylene(1)/iPP(2)  SL EoS  k12=-0.00037+ 0.0819  T=1[323;343;353]K; This work
P=1[0 - 25] bar; using data
Xpor="53% from
Cancelas et
al.bll
Ethylene(1)/ICP(2) SL EoS  ki2=-0.0004T7+ 0.1961  T=[323; 343,363 ]K; This work
P=[3.8 - 28.2] bar; using data
Xpol= *58 1% from Sato
et al.[1%2]
Propylene(1)/iPP(2) SL EoS  k12=-0.00067+ 0.1987  T=[323;343;353]K; This work
P=10 - 25] bar; using data
Xpo1="53% from
Cancelas et
al.ll
Propylene(1)/ICP(2) SL EoS  ki2=-0.0006 T+ 0.2251 T=[323;343;363]K; This work
P=1[3.2 - 28.3] bar; using data
Xpor= ¥58.1% from Sato
et a1l
Ternary systems
Ethylene(1)/ SL EoS ki2=0 T=1[323; 343; 353] K; This
propylene(2)/ ki13=—0.0003 7+ 0.0819 P=[0 - 25] bar; work
iPP (3) k23 =—0.0004 T+ 0.1463  y,,,= 53%; using
Xc,: Xc,= 0.5:0.5 data
from
Cancelas
et al.®ll

Where 0 is the degree of crystallinity in mass (%)

*Crystallinities corresponding to polymer powder determined with X-ray diffraction (XRD)

" Crystallinities corresponding to polymer powder determined with density method (bar sample)
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Crystallinities corresponding to polymer powder determined with differential scanning

calorimetry (DSC)

Previous studies have reported the use of EoS models to describe the thermodynamic
behavior of various polymer-containing mixtures. Krallis and Kanellopoulos!®” employed the
SL EoS and the PC-SAFT EoS to predict the physical and thermodymic properties in the
catalytic olefin copolymerization systems over a wide range of pressures, temperature, and
degree of polymer crystallinity. They concluded that both models can be used to describe the
physical properties of the pure components and the thermodynamic properties. For the
prediction of the pure component properties (i.e. vapor and supercritical density of monomer
and comonomer(s)), the PC-SAFT EoS model provided better predictions. While, the SL. EoS
model provided excellent predictions of thermodynamic properties for binary systems (i.e. the
solubility of ethylene in amorphous LLDPE-1-butene, the solubility of propylene in amorphous
iPP, etc.) compared to the PC-SAFT EoS model. Alizadeh et al.l'®! employed the SL EoS and
PC-SAFT EoS models to predict the gas solubility of the binary systems — ethylene(1)/PE(2)
and n-hexane(1)/PE(2) and the ternary system — ethylene(1)/n-hexane(2)/PE(3). They used the
two thermodynamic models to investigate the effect of n-hexane as an ICA on the ethylene
polymerization rate, so to account for the cosolubility effect. They concluded that both models
are capable of describing the solubility of ethylene in the binary system of ethylene/PE.
However, the SL EoS model provides higher accuracy for the description of the solubility of
the ternary system of ethylene(1)/n-hexane(2)/PE(3) compared to the PC-SAFT EoS model.
More recently, Mrad et al.'®! extended the SL EoS model to describe the thermodynamic
properties of the quaternary system (monomer(1)/comonomer(2)/ICA(3)/polymer(4)). They
also proposed a systematic procedure for the estimation of the SL interaction parameters used
in the quaternary system. According to their studies, it is clearly seen that the nonideal
interaction between different olefin components (ethylene, propane, and 1-butene) in the
amorphous phase of PE cannot be neglected. Therefore, it is necessary to have thermodynamic
data for at least the ternary system to be able to capture the co- and antisolvent effects in the

polyolefin system.

General guidelines for the selection of suitable thermodynamic models
A systematic methodology to select the most appropriate thermodynamic models for

catalytic olefin (co)polymerization is proposed in Figure 12. The objective is to avoid
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unnecessary complicated time-consuming models but to capture physical phenomena (i.e.

cosolubility and antisolubility) if they are relevant.

Step-1: Evaluation of Ideal system: pg of components Process conditions
Can Henry’s law be used? in the system l

No: binary system

>

Is operating P
higher than

Pee?

Henry's law |

Yes: ternary (or
quaternary) system

Equations of state (EoS) model

5L-EoS model; [
+  PC.SAFT EoS model Yes: non-ideal binary system

y

Is kij
available?

Step-2: identification of interaction

parameters of the EoS model

Setup sorption

experiments
Yes »

EoS model | 4——————  Kijfitting 4Q

EoS model-binary systems

No: ternary {or quaternary) system

Step-3: Thermodynamic analysis of the

existence of the co- and antisolvent effects
EoS model-binary systems

antisolvent
effects?

v

*  EoS model-ternary systems
*  EoS model-quaternary systems

FIGURE 12 A general guideline for the selection of thermodynamic models for catalytic olefin

(co)polymerization systems

To demonstrate the application of the proposed methodology for the selection of
thermodynamic models the following case studies will be applied. Nevertheless, this
methodology is flexible to apply for any gas phase olefin polymerizations of interest (e.g., o-
olefins/LLDPE, a-olefins/HDPE, a-olefins/ICP, etc.). Both cases are operated under industrial
conditions (25 bar and 70°C).

e Case study-1: propylene homopolymerization (to produce iPP)
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e Case study-2: propylene-ethylene (equivalent mixture) copolymerization (to produce

high ICP)

Step-1: Evaluation of ideal system: Can Henry’s law be used?

With the given process conditions and recipes, one can identify if the system of interest
is binary or of higher order. Case study-1 is a binary system as the system contains only
propylene (1) and iPP (2). One can check further if this binary system can be assumed as an
ideal gas system, and so to determine if we can use a simple Henry’s law to estimate the
equilibrium sorption of the monomer/commoner(s) in the amorphous polymer. Equation (31)
can be used to calculate at which pressures (Pdev) the Henry’s law cannot be used. For the case
of propylene, the critical temperature, and pressure are 365.57 K, and 46.65 bar, respectively.
Thus, Pdev of propylene at 70 °C is 9.23 bar. This means that the use of Henry’s law to predict
the propylene solubility in the amorphous iPP at pressure above 9.23 bar will be in error. It is
suggested that beyond this pressure (the operating pressure at commercial scale is normally set
between 25 to 30 bar), EoS models should be used to capture non-ideal behavior of the system.

Turning to case study-2 that is referred to ternary system of propylene(1)—ethylene(2)—
iPP(3), there are 3 components in the systems. In this case, we have to evaluate if the effects of
co- and antisolvent play a role using EoS model (SL-EoS model or PC-SAFT EoS model).

Steps 2 is required if we have a non-ideal binary system or a ternary (or quaternary)

system.

Step-2: Identification of the interaction parameters of the EoS model:

In this step, it is crucial to have the interaction parameters in the available literatures
(e.g. ki3 and k23 for a ternary system) or gas solubility data (to identify these parameters) for the
system of interest to analyze the impact of the co- and antsolvent effects.

The interaction parameters of the SL-EoS model for the propylene homo- and
copolymerization (mostly to produce iPP and ICP) are given in Table 8 for a specific range of
pressure and temperature. For case study-1 (propylene-iPP), it is referred to the non-ideal binary
(pure component) system due to the high pressure of the system, thus the SL-EoS model with
binary interactions is selected.

However, ternary solubility data of propylene and ethylene (8 % wt) in amorphous RCP

is still missing. It is highly suggested to generate sorption data for this ternary system. For
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ethylene (co)polymerization systems, the reader can find the interaction parameters in the

available literature.[9%100-103-105]

Step-3: Thermodynamic analysis of the existence of the co- and antisolvent effects:

Steps 3 is required if we have a ternary (or quaternary) system.

In case study-2 (propylene-ethylene-iPP), in order to investigate the cosolubility effect
of ethylene on propylene, and the antisolvent effect of propylene on ethylene in the amorphous
iPP, one can compare between the two following ways: (a) a binary description (thus neglecting
cosolubility and antisolubility effects of propylene and ethylene), and (b) a ternary description
(propylene(1)/ethylene(2)/iPP(3)) that includes the effect of cosolubility and antisolubility.

Figure 13 compares the prediction of the solubility of propylene (1) and ethylene (2) (an
equimolar mixture) in amorphous iPP using binary and ternary SL-EoS models. Both models
(Figure 13a) give equivalent results over this range of pressure for the propylene, which means
that the antisolvent effect of propylene on ethylene in the iPP is negligible. In this particular
case, the use of SL EoS model with binary (pure component) interactions to predict
multicomponent systems (propylene(1)/ethylene(2)/iPP(3)) would be recommended to reduce

the computation time and model complexity.
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FIGURE 13 Comparison of solubility of (a) propylene (b) and ethylene, (an equimolar mixture)
in amorphous iPP at 70 °C predicted using binary and ternary models SL Eo0S.°!
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In Figure 13b, it can be seen that the solubility of ethylene in amorphous iPP using the
SL EoS-ternary system is higher than in the binary SL EoS model. This is caused by the
cosolubility effect in which the presence of the heavier component (i.e. propylene) enhances
the solubility of the lighter gas (here ethylene) compared to the solubility of ethylene alone at
the same operating conditions. For the prediction of ethylene solubility in amorphous PP
copolymers (i.e. high ICP), it is necessary to use the SL EoS-ternary model to be able to account
for the cosolubility and antisolvent effects. It is important to remind that the underprediction of
the solubility of each component in amorphous polymer can lead us to under predict the gas

concentration at the active site. This may significantly affect the rate of polymerization.

3.3.3 Diffusion models

Besides the solubility values used as boundary conditions in the SPM, the determination
of diffusion coefficient is required in SPMs. Kanellopoulos et al.** proposed a model to
estimate the overall effective diffusivity of a monomer in the semicrystaline polymer phase

(D; eff) as the function of the porosity of the particles and diffusivity coefficients:

Diet = 5DF + (1— eP)(1 +3)D}” (33)
where T is the tortuosity factor, €P the particle porosity, Dl.g the gas-phase binary
diffusivity of the i™ species in a multicomponent gaseous system, estimated according to the
gas diffusion theory of Chapman-Enskog,!'* and D °lis the diffusivity of the i species in the
amorphous polymer phase.

1.11%1 proposed a model to calculate the diffusivity of the different species in

Alves et a
the amorphous polymer while accounting for the codiffusivity effect. Indeed, a codiffusivity
effect may occur in the presence of multiple gases, in analogy to the cosolubility effect. For
example, in the polyethylene system in the presence of ICA, the diffusivity of both ethylene
and ICA is affected by the presence of the other species.['® Ben Mrad et al.l'%” recently
estimated the diffusion coefficient of different gas species in amorphous PE in multi-component
systems using a magnetic suspension balance, and observed a codiffusivity effect in most cases.

For more details on this topic, the reader may refer to the above mentioned papers; this will not

be discussed here.
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3.4 Macroscale: Reactor level

This section will discuss the general model assumptions and conservation equations
used to model gas phase multi-volume polymerization reactors, particularly the MZCRs, while
modelling single zone reactor type, such as FBR and VSBR, is beyond the scope of this paper.
A review of FBR and VSBR models can be found in references.?”:19%113] The focus in this
section will be on the reactor model. The reaction rate calculation (R;) in the references
discussed here can be different from Table 6 (e.g. some reaction mechanisms were simplified),

but we will not report or discuss their models of R;.

3.4.1 MZCR modelling
Few attempts have been made to develop mathematical models of the MZCR, starting

al**! firstly developed an

from existing models of single zone models. Fernandez and Lon
isothermal, steady state model of the MZCR for PE production with and without a barrier gas,
and performed a parameter sensitivity analysis of the operating conditions (i.e. the catalyst flow
rate, monomer and inert concentrations, gas velocity in the riser, riser bed porosity, and bed
height in the downer) on the reactor behavior (i.e. production rate and polymer product
characteristics, e.g. instantaneous M, ). Ghasem et al.[***"] extended the proposed steady state
model of Fernandez and Lona to a non-isothermal dynamic model, so that the transient behavior
of the MZCR could be investigated.

Santos et al.l'®!"] firstly developed an isothermal and dynamic mathematic MZCR
model for propylene homo- and copolymerization. They considered a multiscale model
including the macroscale level (reactor modeling), the mesoscale level (single particle
modelling), and the microscale level (a simplified kinetic modelling, neglecting the catalyst site
deactivation, and the effects of hydrogen responses — by the formation and reactivation of
dormant site reactions). The effects of mass transfer limitations on particle growth were
investigated using the MGM model. The proposed model was capable of predicting the polymer
productivity, particle size distribution (PSD), average molecular weights (i.e. M, and M,,) and
polydispersity of the final polymer particles. Nonetheless, there was no clear explanation on
how to transfer information between the sub-models (i.e. input information transferred from the
particle model to the reactor model). Furthermore, Henry’s law was used to predict the
solubility, so neglecting non-ideal behaviors and the co- and antisolvent effects.

Adli et al. ™V improved the steady-state model of Fernandez by treating the moving solid

particles as clusters rather than individual particles, in the case of ethylene copolymerization.
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They made it clear that the formation of clusters highly influences the hydrodynamics and
cannot be neglected in the MZCR. Indeed, the cluster velocity and the bed porosity are not
constant along the riser length, and they change upon the hydrodynamic zones (i.e. a lower
dense zone, an acceleration and fully developed zone, and a deceleration zone). However,
according to the moving packed bed nature of the downer, the cluster velocity and the bed
porosity are fairly constant in fully developed zones. The authors argued that their model could
describe more realistic hydrodynamics of the MZCR behaviors.

Considering the CFD works on the MZCR, Wei et al.l'!*l used CFD to study gas—solid
flow dynamics in a propylene polymerization MZCR and investigate the effect of exit
configuration of the riser. Yan et al.l!'> improved Wei et al. work by coupling the CFD model
with a population balance model to capture the effect of polydisperse particles inside the
MZCR. A simplified kinetic scheme (i.e. propagation reaction) of the propylene polymerization
was incorporated to estimate the temperature profiles in the MZCR. Yan et al.[''é] took benefits
of the CFD for designing a gas barrier inlet configuration for a MZCR. More recently, Marandi
and co-workers!!!” used a 3D CFD model for simulating the hydrodynamics of polypropylene
powders in the MZCR. The proposed model was used to design a proper geometry of the reactor

with the best operating conditions from the hydrodynamic point of view.

General assumptions used in the development of the MZCR model presented below are the
following:

o Prepolymerized catalyst is introduced continuously at the bottom of the riser;

J Fluid flow patterns of the gas and polymer particles in the riser and the downer can be
described by a plug flow model.

o The solid particles are assumed to move as individual particles. Particle aggregation
and breakage are negligible;

o Internal mass transfer within the particles is negligible, so thermodynamic equilibrium
is reached quickly (so we will not include an SPM here; please refer to section 3.3 to
include it);

. A two-phase model is considered in the reactor: gas phase (monomer, comonomer,
and inerts), and solid phase (polymer particles). Both phases will be assumed to have
the same temperature but different velocities;

o In the riser, the hydrodynamic regime follows the principles of pneumatic transport

under fast fluidizing condition, where the net velocity of the particle (uR) is calculated
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as the difference between the upward gas velocity (ug) and the terminal (or

equilibrium) velocity (u);

[16,17,118]

o The cyclone is assumed to be working perfectly allowing all the particles coming from

the riser to go to the downer (no loss of small particles);

J Throughout the downer, the gas-solid relative velocity (ul — ugD ) must be lower than

the minimum fluidization (u2 ) in order to ensure a packed moving bed condition

[16,17]

_ug|

and the bed porosity is assumed to be constant in the downer;

(34)

The conservation equations of mass, momentum, and energy balances of the MZCR are

shown in Table 9. The boundary conditions used for the development of the MZCR modelling

is presented in Table 10.

TABLE 9 Summary of conservation equations (mass, momentum, and energy balances) used

for the development of the MZCR model for propylene copolymerization®.

Mass balances Conservation equations Equation
Continuity equations of | 9Pg _ Opgig 1 35
y e £ = T o~ wped Zi=12H, RiMw, (35)
total gas (kg m>void)!'®!
Mass balances of gas | 9wi _ Ow; | RiMy i(w;—1) 1 36
g ot _ugg + pgebed + pgsbed Wi Zlii Rle,l ( )
species ()1 ; ;
Winert __ Winert 1
% - T UYg aerer + pgsbed Whnert Zi:l,Z,Hz RiMw,i (37)
Where i:1, 2, H2
Mass balances of solid % _ agjus +R; (38)
species (mol mpeq) !
Momentum balances
Conservation of | Riser
momentum for the gas | duf R Ouf FR 39
8 a_tg: —Ug aZg+ gRZl 12H2R MWL__R_g_ (39)
-13[16] Pg Pg
phase (ms™)
.Dg Zl 1,2,H,,Inert sz -

1 aw
RT
Zl 1,2,Hy,Inert wi 0z
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Downer:

oupP oub FD
g DY"g Z
at g 3z PP sD i=1,2,H, w,i Plg) g

RT 0pg Z wlD
p 9z i=1,2,Hy,Inert My ;

1 awP
RT L
Zl 1,2,H,,Inert wi 02

(40)

FR and FP describe for the friction losses in each reactor

(see equations 14S-18S in Supporting Information).

Conservation of | Riser:

momentum for the solid | uf = ug —u, (41)

phase (m s™)!'*! u; is the terminal velocity of spherical particles (see

equations 10S in Supporting Information).
Downer:

(42)

dul

= ————%1,RPM,,

dz .Dpol(1 Spol)

Energy balances

Conservation of Energy | drPed (43)

dz
(K)*1 for riser and

bed
_ (=AHrxn) Yi=1,2,Hy RO M,
downer o 5 s 2 (CorCE* M )P uBed (1 gbed)c, o]

 Superscript R is riser, D is downer and bed is reactor (so can be both R or D); Subscript i, [ is
1: propylene, 2: ethylene, H2: hydrogen, and Inert: propane; Subscript j refers to all solid species

including catalyst and moments (i.e. Py, Ag, Ay, Az, o, U1, Hz), (if R; is in mol m3pea 7).

The bed porosity in the riser (¢®) is calculated by deducing the volume of polymer particles
which is calculated by integrating the PSD (from the population balance, Equation ((44)).
According to the simulation results of Santos et al.,''®!7! the bed porosity slightly decreases
along the riser height from the bottom to the top, as the amount of solid polymer increases due
to the polymerization reaction. In the downer, the bed porosity is constant over space (P =

0.35)!'" due to the moving packed bed behavior of the downer.
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eR=1- fvo: qR(z, v)vdv (44)

Where q,(z,v) is the particle density function in number per bed volume per volume of
particles (part ms mved) determined by the following population balance equation (neglecting

particle aggregation and breakage):

0qn(z,v) _ _ Gp 9qn(zv)  qn(zv) dus (45)
0z Ug av ug 0z

The volumetric growth rate of particles (Gp, m’s) is given by:

_ S MwR; (46)
P Npppol(l_gpol)

Note that the growth rate is dependent on the height z. The total number of particles per bed

volume is given by:

N, = f;: qn(z,v)dv (47)

3.4.2 FBR-IC modelling

As mentioned in Section 2.2.2, the FBR-IC can be divided into three sections (Figure
5): the draft tube, the annulus and the cone.

Meier et al.*4 originally developed a compartment model of the FBR-IC to describe the
concentration and temperature profiles inside the reactor and the polymer properties (e.g.
MWDs). In their model, the draft tube and annulus zones were divided into several
compartments configured in series, where each compartment was modelled as a CSTR (so N
CSTRs in series), to simulate the plug-flow like behavior of the reactor (Figure 14), while the
cone was assumed as one CSTR. In this approach, one must identify the number of CSTRs (N)
beforehand, and the input and output parameters of each compartment, which is particularly
difficult to know. According to their findings, the particle circulation rate was strongly
influenced by the reactor geometry (i.e. length and diameter of the draft tube, the angle of the
cone, and the distance between the draft and the cone). They used the developed model to study
the influence of the gas velocity on the particle circulation rate.

In this section, we will consider modelling both the draft tube and annulus sections as a

PFR and model the cone as a CSTR (Figure 5b).
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TABLE 10 Boundary conditions (for # > 0) and initial conditions (for 0 <z < L) used for the development of the MZCR modelling for propylene

copolymerization®®¢,[16:17]
Parameters The riser model Equation The downer model Equation
i R fresh D fresh
Gas density pg|Z=0 _ pg res (23) pg|z=0 — p},? res (2(1))
|R _ _Rfresh ( ) |D _ D,(fresh ( )
Peli_o = Pg Peli_o = Pg
Gas mass fractions w;|B, = WiR'freSh (52) w;|P_, = WiD'freSh (54)
w; 1t2=0 _ WiR,fresh (53) w; ]t)=0 _ WiD,fresh (55)
Solid concentrations C-|R _ (1-eRim) C-|D (56) C-|D _ (1=€P) C'lR (60)
Jlz=0 = (1-eDP) TrecTilz-p Tlz=0 = (1-¢R) Tlz=L
R D
Gl,_g= 0 57 | Gl_,=0 (61)
_c<Rjin D _<Rjin (58)
PolR = %d’recCP | %‘»‘bprepc}grep
z=0 (1-€P) ol L (1—¢gPrep) 0
R _ ~prep (59)
POlt:O - CPO
Particle density GR[Z_, = (1-gRin)pqiot (62) qP7_ = qR|? (1-¢€P) (64)
function n1z=0 fvogQE"tvdv ’ n1z=0 n1z=L (1_¢R)
1 1
" = (1—gPrep) d)prepqgrep + (1-€D) Precdn lz=1 (63)
Bed porosity at the | .. = or \/ OR\2  4uRingRin (65) P =0.35 (67)
entry & T Ry 2 (SRut) T
QR — utSR + yuRingR-R/in + erec + Qprep (66)

# subscript i is 1 : propylene, 2: ethylene, H2: hydrogen, and inert: propane.

b subscript j refers to all solid species (moments, catalyst, etc.) except potential active sites that are injected from the downer as well as from fresh

prepolymer feed.

Qprep

rec
C ¢ —_ QS . d) —
rec — re -
QI*+Qprep’ " PTCP  QI*+Qprep
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FIGURE 14 A schematic diagram of the FBR-IC model as N CSTRs in series, adapted from

Meier et al.

[34]

General assumptions for the FBR-IC model given in Table 1174 are summarized below:

1.

The draft tube and annulus sections are modelled as PFRs, whereas the cone section is
modelled as a CSTR (Figure 5b);

The mass and heat transfer resistances between the gas and solid are negligible (so
thermodynamic equilibrium is assumed and no SPM will be used, but it can be added
without any restriction);

The growing polymer particles circulating in the system are continuously absorbing and
desorbing propylene due to the temperature gradients between the sections;
Temperature distribution in the draft tube section is uniform, and different from the
annulus section.

The velocity of the gas and solids in the reactor are uniform,;

The bed porosity of the cone and draft tube sections is the same, and constant (0.75),34
whereas the annulus section is a moving packed bed with a lower porosity (also
constant, 0.44);1*4

There is no particle breakage or agglomeration in the model presented below (but these
terms may be added without any restriction);

There is no heat transfer between the annulus and the draft tube section;
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The conservation equations of mass, momentum, and energy balances of the FBR-IC
are shown in Table 11. The initial and boundary conditions of the FBR-IC modelling can be
analogous to the MZCR model presented in Table 10.

3.4.3 HSBR modelling

38,39.4249. 1131191 focused on the prediction

Many reactor modelling studies of the HSBR!
of the RTD of the polymer powder as it can affect the PSD and the distributions of the polymer
properties such as particle compositions, and MWDs. Khare et al.l®" proposed a steady-state
and dynamic reactor model to predict the polymer production rate, average molecular weight,
and grade transitions by considering reactor mass holdup as the simulation target instead of the
RTD. Kouzai and Fukuda!'?! developed a reactor model that includes the effect of liquid
propylene polymerization to study more realistic polymerization environment.

Several researchers used the concept of a number of equivolume CSTRs in
series[3839:42:49:50.1131 5 describe the RTD of the HSBR. Caracotsios*®! suggested that the RTD
of the polymer powder produced in the HSBR is equivalent to that made by three to five
equivolume CSTRs in series but each CSTR is with a different mean residence time. They
found that the predicted polymerization yield depends on the number of the CSTRs (V) and the
catalyst feed configuration pattern. It is common knowledge that the more CSTRs are added to
the sequence, the narrower the reactor RTD, which would approach that of a PFR.['?!]

In the HSBR, the catalyst is fed at the front end of the reactor, moves through the reactor,
and reacts with the reacting gas in each reaction zone forming growing polymer particles in
each stage to the rear end of the reactor. This means that the cumulative polymer overflow keep
increasing from zone to zone, thus monotonically decreasing the mean residence time.''* The

exit age distribution function at the N CSTR (for fully backmixed CSTRs in series with

equivalent volumes) can be obtained by the convolution of the RTD of each reactor.[*34’]
N-2 68)
E()=SN. T~ oot (
( ) i=1 H?’:Li#]‘(‘[l‘_‘rj) eXp( Tl')

Where E (t) is the exit age distribution function (s™!), ¢ is the residence time (s), T is the mean

residence time (s), and N is the total number of the CSTRs.
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TABLE 11 Summary of conservation equations (mass, momentum, and energy balances) used for FBR-IC modelling of propylene polymerization.

Parameters Cone model** Equatio | Draft tube model!!®!” | Annulus model'%!”!

n ( Similar to the Riser) (Similar to the
Downer)

Reactor model 1 CSTR 1 PFR 1 PFR

Continuity equations of total | - - Equation (35) Equation (35)

gas

Mass balances of gas d(vCeCpawf) _ oCy ,inAC,D (Wicin _ ch) _ VCRiCMWi (69) Equation (36) Equation (36)

species i (-) a ° S

Material balances of solid ac; _ 5}‘ _ (C',in _ C-) + RS (70) Equation (38) Equation (38)

species j (mol m-ped) (et ]

Conservation of momentum | - - Equation (39) Equation (40)

for the gas phase (m s™)

Conservation of momentum | - - Equation (41) Equation (42)

for the solid phase (m s™)

Energy balances (J s™) d(VCﬁ:tC'STC) = Sz FSCoi(TS, — TC) + (71) Equation (43) Equation (43)

FSCCp,pol(Tséin - TC) + (_Aern)VC Zi:l,Z,HZ RiCMW,i

Where F; is the mass flow rate of solid component j (kg s, Cpi is the specific heat of component i in J kg K!, AH,,is the polymerization reaction

heat in J kg'!, and R; is in mol m™pea s). Subscript i is 1 : Propylene, and H2: Hydrogen. Subscript j is S, and P, and superscript C is cone section.
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Gorbach et al.l''¥ developed a dynamic model of the HSBR to predict the production
rate and the RTD. Dittrich and Mutsers®*” proposed four different solid flow models that
include backmixing effects between each two connecting reactors to describe the RTD and
powder flow pattern in the HSBR. Two types of models were proposed, a simple and a more
complex overflow pattern (or backflow model). The simple overflow pattern model, is
constituted of 4 CSTRs in series, and was defined as the net flow that moves from one CSTR
to the following one with equivalent residence time (Model A, Figure 15) and with equivalent
volume (Model B). Thus, only the number of CSTRs (N") was used as an adjustable parameter
to describe the experimental RTD. The backflow models (models C and D) were built as
cascades of more CSTRs (8-12 CSTRs in series) with axial net flow and forth- and backmixing
flows caused by agitator rotation (see Figure 15). In this case, the number of the CSTRs in
series was set beforehand, and the backmixing flow rate (F,,) was used as a tuning parameter
to fit the experimental RTDs. They concluded that only the backflow model (i.e. model C and
D) were suitable to characterize the RTD of the powder inside the HSBR. The basic equations

used to develop the backflow model equations (model C) is shown in Table 12.

Overflow pattern model Backmixing model

Catalyst flow (Feat) Axial net flow (F;,) Catalyst flow (Fear) Backmixing flows (Fy)
Model A —| n-1 | n |+ n+l Model C !!!llll!!l

Polymer outlet (Fyy) Axial net flow (F,) Polymer outlet (Foyt)

Catalyst flow (Fy)  Axial net flow (F,) Catalyst flow (Feqy) Backmixing flows (Fy)

wosas [ - L] e Dgﬂﬂ@llll-!

Polymer outlet (Fout) Weir overflow (F,)  Axial net flow (F,) Polymer outlet (F,y)

FIGURE 15 Illustration of the solid flow models for the HSBR proposed by Dittrich and
Mutsers*?]. Flow model A and B are the simple overflow model, Flow model C and D are the

backflow model. Adapted from Dittrich and Mutsers!*].

General basic assumptions of the HSBR model presented below are as follows:*"!
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Catalyst is added continuously at the front of the reactor and mixed uniformly with
solid polymer;

. The monomer dissolved in the polymer powder at the outlet of the reactor is
neglected;

. The model is considered to have two phases: (1) the gas phase is assumed to be well-
mixed, (2) the solid phase (polymer power) behaves as if it is moving through N
CSTRs in series;

. The volume of each reaction zone is equivalent, thus the mean residence time of
each reaction will steadily decrease from one reaction zone to the next one, to reflect
the accumulation of polymer yield;*’!

. The temperature and pressure of all reaction zones are the same;

. There is no particle breakage or agglomeration in the PBE presented below, but this
can be added without restriction;

. The internal mass transfer, and its limitations are negligible, so thermodynamic
equilibrium is considered and no SPM is used, but this can be added without

restriction;

TABLE 12 A summary of the backflow model equations (model C) proposed by Dittrich and

Mutsers?® [*%]
Mass balances Model equation Equation
Total solid mass % = (F™™1 = F™) + V"3, R*M,,,; (72)
bal i h CSTR
alanice for cac Where m" is the ratio of the total solids mass hold-
k -1
n (kg s™) up in the HSBR (kg) to the number of the CSTRs in
series (N) given by:
mt ="
N (73)

F" is the outlet mass flow rate of CSTR n (kg s™),

R} is the reaction rate of the solid component j (mol

m>bed ), V™ is the volume of the CSTR n (m?).
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Mass balances

Model equation

Equation

Mass balance of solid
species j in each CSTR
kg s

dwj' m™)

m wlTH(F™ Y + Fy) — wlH(F™ 4 2F,)+
W E, + VRI'M,,

Where w; is the mass fraction of solid species j in

each CSTR n.
F,, is the backmixing mass flow rate at the boundary

of the connecting CSTRs given by:

_ F(ogN-1)
- 2

Fm
Where F is the throughput in the reactor (kg s'), o
is the relative variance of the RTD given by

ol =12 fooo(t —1)2E(t)dt

Note that this relationship is suitable for a system

with less backmixing (i.e. Bodenstein number > 100)

(74)

(75)

(76)

Batch polymer yield

(yl'fol) at site &

(kgpo kg_lcat)

Kk PcykKKE | 1-exp(-kkt) 1—exp(—k§t)
ypol -

T Kkk-kk Kk kX

It is assumed two-site catalysts (i.e. kK = 2) and the
kinetic parameters (i.e. ka (s™)), kp (kgpot kg 'cat Pa’!' s°
1, and k4 (s™)) are constant during the whole catalyst
lifetime in the HSBR. Where k¥ is activation
constant of site k, kX is deactivation constant of site
k, k’rﬁ propagation constant of site k, and Pc_is the

partial pressure of propylene (Pa)

(77)

PSD of the particle
(dpol) (m)

_ 3 Pcat 2 k
dpol =dca |1+ mzk=1 Ypol

Where d.,; is the diameter of the catalyst,
Pcarand ppo) 1s the density of the catalyst, and the

polymer, respectively

(78)

aSubscript j is solid species (potential, active and dead catalysts, and polymer), superscript 7 is

the index of the CSTR in series (n =1, ... , Nth)
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4 CURRENT CHALLENGES AND IMPORTANT ISSUES FOR THE PP GAS

PHASE MULTIZONE REACTOR MODELLING

Before discussing the conclusions and current challenges for PP modeling we need to
perhaps think a little bit about model complexity. One should not confound complexity and
multiscale, nor should we automatically opt for the most complex representation possible. To
state the obvious, more complex models give one a more detailed understanding of the system
under study. On the other hand, if there is no need for such detailed understanding, it is probably
sufficient to use a model with reduced complexity. For instance, if we simply wish to know
how changing the feed composition to an FBR impacts the productivity, it is probably
reasonable to use an isothermal CSTR representation of the reactor, no single particle model
(i.e. assume no heat and mass transfer resistances at the particle level), and an approximate

microscale model:

R, = K™ cP (79)

p

where k;,ump is a lumped propagation coefficient, C” is the total concentration of active sites in

the catalyst particles and Cip is the equilibrium concentration of monomer in the amorphous
phase. So even for such a simplified problem solution, we still need a (simple) microscale
model, a thermodynamic model at the mesoscale and the CSTR RTD model at the macroscale.
In other words, we still need to consider the different length scales in our model. This means of
course that modelling presents many challenges at the different scales as well as the connection
between these scales, regardless of the complexity of the model.

Nevertheless, we often need to have a much more detailed picture of the polymerization
process and the polymer properties, therefore imposing the need for a complex, detailed
multiscale model. From this review we can clearly see of olefin polymerization processes,
including PP processes, are quite complex, with many important physical and chemical

phenomena that require much deeper understanding.

4.1 Microscale

4.1.1 Kinetics
The microscale includes both kinetic phenomena, as well as the growth and properties of

the polymer chains. As we have seen above, a kinetic model for olefin polymerization has many
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individual steps (activation, propagation, transfer, etc.) that can occur simultaneously. ZN

catalysts (or Chromium catalysts which are not discussed here as the review focused on PP

processes) also have multiple active catalyst sites, where each active site has its own set of

kinetic constants for each of the many reaction steps.

One can identify several questions related to kinetic modelling, including:

Is our understanding of the kinetic mechanism provided above correct? It appears
that this kinetic mechanism allows us to model a great deal of what we observe
experimentally, so in this sense it is accurate. However there remain a certain
number of grey zones. In the particular case of PP, it appears that the catalysts are
much more thermally sensitive than similar catalysts used for PE. Heating a PP
catalyst with both internal and external donors can clearly lead to a significant

1221 More work is needed to continue to refine our

deactivation of the catalysts.
understanding of the basic steps in the kinetic mechanism.

How many active sites we need to consider in the ZN catalyst? This is a key
question to which we do not yet have an answer. Different methods have been
proposed over the years to measure the active sites in both unsupported and
supported catalysts. One thing is at least certain: it is highly unlikely that all the
transition metal atoms in a catalyst formulation are active in polymerization.!'>*] As
the activation of the catalyst sites is a complex process, it is necessary to first
identify the number of potential sites on the catalyst surfacel!?#!2] (perhaps more
straightforward for a Metallocene than for a ZN catalyst), then attempting to
understand how the potential sites are converted to active sites.!'? Significant hope
to answering this (and the following) question can eventually be found with tools
like molecular modelling. 27!

How many families of active sites do we have? Again, an obvious but difficult to
answer question. Clearly this will be a function of catalyst formulation and thus
different for different catalytic systems. Ideally, we would like to know this number
a priori. Deconvolution methods!'** are commonly used to estimate the minimum
number of families of sites and their associated rate constants based on e.g., high
temperature size exclusion chromatography (HT-SEC), eventually coupled with a
different chromatographic technique (e.g. TREF, CRYSTAF or CEF) for

copolymers. This information is useful for a given catalyst in a given recipe and

allows us to model the impact of a process on the MWD or CCD, but at the end of
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the day, remains empirical and is not really a guarantee that we have the exact
number of site types. There is no reason that this number cannot vary during the
course of the polymerization, or that the nature of the active sites must remain
constant. Furthermore, one could also ask if different types of sites are more, or less
sensitive to poisons?

How can we estimate these kinetic parameters accurately to match experimental
data or industrial processes, without imposing a bias from poorly identified physical
phenomena (e.g. poor sorption estimates)? How do these parameters evolve with
temperature and time? Although we can find values of kinetic parameters for the
common olefin polymerizations in the open literature, it should be kept in mind that
these parameters are not universal but are system-dependent.[’!! They are specific
for the used catalyst/cocatalyst and working temperature. In addition, it is also via
questions like these where the micro- and mesoscales are strongly connected. In
order to use experimental (or even computational) methods to estimate parameters
using the methods mentioned above, one needs to know the values of the
concentration of species at the active sites. This implies that we can calculate the
solubilities of different species in multicomponent mixtures. We also need to know
the characteristic length scale for diffusion (i.e. the particle morphology), as well
as the diffusivities of the different species. Solubility and diffusivity depend
obviously on the chemical species involved, their bulk concentrations and the local

[129

temperature. They also appear to depend on the crystallinity!'*! and eventually the

[107] Care

molecular weight distribution (at least for LLDPE) of the polymer phase.
must be taken, in particular if we need to precisely model quantities such as the
MWD or CCD to avoid “biasing” true parameter values with poor estimates of

thermodynamic properties.

Given these challenges, we propose to attempt to simplify the kinetic model in so far as it

is possible. How this is done can depend on the goals of the model (see comment about

complexity at the beginning of this section). One of the least clear points in the list above is the

number of families of sites needed for a given model. Indeed, the larger the number of active

sites in the kinetic model, the longer the computational time for the simulations and it becomes

more difficult to identify them based on available data.[®!l There are three practical ways used

to reduce the number of the kinetic constants in the ZN olefin polymerization system:
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(1) Simplified kinetic schemes using a minimum number of elementary reactions (i.e. site
activation, chain initiation, chain propagation, chain transfer by hydrogen, dormant site
formation and reactivation, and chain termination), while the kinetic model should offer
accurate prediction of the overall polymerization rate and polymer average molecular
weight.l'!l This can be done if some reactions are very fast or very slow (e.g. assume
instantaneous catalyst activation, negligible deactivation during its residence time, etc.).

(2) Single-site kinetic model;[!"#34546.130] the multiple active sites of the ZN catalyst are
lumped together into a single active site. This approach may offer a good prediction of
the polymerization rate and polymer MWD if the difference between the activity of the
different sites is small, otherwise it cannot be used(®!l.

(3) Two-lumped active site model; the multiple active sites of the ZN catalyst are lumped
into two distinct lumped active sites. This may allow a good prediction of the
polymerization rate and average molecular weights in many cases.!!!

Nevertheless, a compromise between the simplicity and the accuracy of the kinetic model

should be made to satisfy modelling objectives (i.e. high degree of accuracy prediction of the

overall polymerizations rate and polymer average molecular weight).

4.1.2 Polymer properties

While we have a reasonably clear idea how to predict properties such as the MWD and CCD
if reasonable kinetic parameters and thermodynamic data are available, the conformation of the
chains, and in particular the rate of chain crystallization during the reaction remains poorly
understood. In the specific case of gas phase propylene polymerization this issue might be of
secondary interest (it appears to be more important in PE processes, but that is a topic for a
separate publication). Nevertheless, it is possible that the rate at which the polymer crystallizes
can be influenced by the local temperature and how the polymer is swollen during
polymerization by the different species present in the continuous phase. It is postulated that the
relative rates of chain crystallization and of local polymer production can have an impact on the

fragmentation and particle growth stages,[”#% further tying the microscale to mesoscale events.
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4.2 Mesoscale

4.2.1 Thermodynamics

Needless to say, the accuracy of the kinetic model is strongly influenced by the prediction
of the thermodynamic and physical properties of the polymerization system.['*?) As was
discussed above, the accurate estimation of concentrations of the reactive components at the
active is a challenging task. As it was seen in Section 3.3.2, both the SL and PC-SAFT EoS
models used to calculate the equilibrium sorption requires adjustable interaction parameters
(ki), the values of which are limited to the experimental range used for data fitting, as well as
to the specific polymer used in the study. More work is needed to establish a data base for the
interaction parameters for a range of penetrant compositions, pressures, temperatures, and
eventually macromolecular structure. Concerning the last point, one would expect this is more
important for different types of PE than for PP because of the different crystalline structures of

the two families of polymers. Nevertheless, information on this important point is scarce.

4.2.2 Transfer limitations at the particle level
Mass and heat transfer limitations are observed at the particle level, and the extent to
which these are important might have a large impact on the concentration of different species

[12] Several

at the active sites, and therefore on the polymerization rate and polymer properties.
of the points mentioned in the preceding paragraphs can influence the extent to which these
transport rates can be limited, but the one that is the most important of all is the hardest to
quantify: the morphology. Several review articles cited above show the problems associated
with trying to predict particle morphology a priori. An interesting series of papers!'**137]
showed that the morphology of a particle will depend on the mechanical properties of the
polymer, the rate at which the polymer is produced, and of course the starting point for the
catalyst morphology. Therefore, we know that these issues are important but it is still very
difficult to predict how the morphology evolves. Without this knowledge, it is not possible to
know the particle porosity, nor the characteristic length scales for mass transfer inside the
particles.

For these reasons, many (over)simplified assumptions are usually made to allow one to
solve the coupled mass and energy balances in the SPM, including:

(1) The shape of the catalyst and polymer particles are often assumed to be spherical,

with uniform porosity;
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(2) In a link to the macroscale, phenomena such as particle sintering or particle break-
up are very poorly understood in terms of our ability to model them ['°!. We are well
aware that these issues can cause significant problems at the production level, yet
aside from some empirical fixes, we do not know how to predict the occurrence of
either event as a function of operating conditions, catalyst type, polymer type; etc.
In terms of particle agglomeration these particle-particle interactions are strongly
influenced by the properties of the polymer particles, and especially by very poorly
studied phenomena such as sorption of monomer, comonomer and compounds;

(3) In a related area, static electricity is a very important issue in industrial production,
yet very little information is available on this phenomenon as well;

(4) In the estimation of the effective (or overall) diffusivity (“Dierf” in Equation (33),
the change of the particle porosity during the polymerization is neglected (it usually
assumes an average porosity instead of using the porosity as a function of reaction
time). However, it is now known that the development of the particle structure,
particularly in the early stage of polymerization presents a non-negligible porosity
variation;!"”]

(5) For the energy balances on the particle, the estimation of the external heat transfer
coefficient (“h” in Equation (28)) at the particle boundary layer in the gas-phase
catalytic olefin polymerization is a major challenge. Several researchers generally
employ the traditional Ranz-Marshall correlations together with Nusselt number
relationships to determine such coefficient due to their simplicity and ease of use
[12] However, this correlation was originally developed for an isolated and falling
droplet, whereas the evolution of the particles in a polymerization reactor are far
from isolated"?. As a result, this correlation significantly underestimated the value
of the heat-transfer coefficient, and the prediction of the particle temperature is
incorrectly overestimated #*). It was recently suggested by Kanellopoulos et al.[®]

that the modified correlation proposed by Nicolella et al.l'*l expressing the

Reynolds number in terms of the appropriate energy dissipation rate provides a

better estimation for the heat transfer coefficient than the traditional Ranz—Marshall
correlation.

The major challenges to joining the micro- and macro-scales in a unified continuity are

to be found at the mesoscale. As we just stated, the reasons for this are numerous, but often

involve the complexity of the models needed at the mesoscale and a glaring lack of data.
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Industrial problems that remain to be solved often revolve around the interactions between

particles.

4.3 Macroscale

The modelling of the macroscale can also present a certain number of challenges that need
to be resolved, in particular looking at how best to integrate high levels of detail in the final
product. In a true multiscale approach, our process model would contain contributions from
models at each length scale we choose to include. In a full modelling effort this would
necessarily pass by a population balance modelling (PBM) approach. This implies that we keep
track of at least different classes of particles, defined for example by their size and their age.
We would use an SPM to link the microscale model to the mesoscale and bulk conditions, and
then the RTD model to describe the impact of the RTD on the evolution of the said particles.
To say the least, this can be a very time-consuming effort (in terms of computational times).

The RTD can be described using different approaches, in particular by the
compartmentalized approaches mentioned above. The limiting factor here is that this does not
truly allow one to take into consideration the hydrodynamics of the bed and makes it very
difficult to predict real challenges such as partial defluidization, flow segregation, the impact
of any agglomerates formed (assuming we can use an agglomeration kernel in a PBM to predict
their formation), etc. Furthermore, this type of macroscale model relies on time-averaged
properties, and at the current time do not allow for randomly occurring events or mesoscale
phenomena that can lead to a loss of bed stability.

Computation Fluid Dynamics (CFD) modelling is an attractive response to this
shortcoming; at least in principle. Ideally, CFD which offers the ability to precisely model
reactor hydrodynamics under a range of operating conditions, particle sizes and continuous
phase compositions would be a very powerful tool. While CFD models have the potential for
significantly improving our understanding of the hydrodynamics of FBRs, the computational

effort required to achieve a useful level of detail is immense.

5 CONCLUSIONS
In this review paper, the recent development on gas-phase catalytic propylene
(co)polymerization processes, and multiscale modelling framework in multizone

polymerization reactors have been presented. The important aspects including the current issues
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and challenges for the development of multiscale modelling at different levels have been
highlighted.

This review has shown that the advanced multiscale modelling methodology has provided
very useful insights for a deep understanding of how the polymerization kinetics at the active
sites, the transport phenomena and thermodynamics at the particle level, and the reactor
configurations influence the final product properties such as molecular structure of polymers.
A fundamental knowledge of polymer reaction engineering obtained from the multiscale
modelling framework allows researchers and engineers to improve the existing models or to
develop more refined models to control polymer structures and properties.

However, the development of a complete multiscale model for a commercial reactor is very
challenging. Moreover, the solubility and diffusivity data of ternary and higher order polyolefin
systems at industrial conditions are very limited in open literature. Without such data, it is

difficult to develop the more refined (or complete) models.
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7 NOTATION

List of Abbreviations

A Propylene

B Ethylene

Cs Propylene

C2 Ethylene

Cat Catalyst

Co Cocatalyst

CCD Chemical composition distribution
CEF Crystallization Elution Fractionation
CFD Computational fluid dynamics
CRYSTAF Crystallization Analysis Fractionation
CTA Chain transfer agent

DSC Differential scanning calorimetry
CSTR Continuous stirred tank reactor
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EPR
FBR
FBR-IC
FBR-EC

HPPs
HSBR
HT-SEC
hiPP
ICA

ICP
LLDPE
iPP

MGM
MI
MgCl2
M,

N

w

MWD
MZCR
Nu
PBM
PC-SAFT
PE

PFR
PFM
PMLM
PP

PSD
RCP

Re
RPPFM

Ethylene propylene rubber

Fluidized bed reactor

Fluidized bed reactor with internal circulation
Fluidized bed reactor with external circulation
Hydrogen

Polypropylene homopolymers

Horizontal stirred bed reactors

High temperature size exclusion chromatography
High impact polypropylene

Induced condensing agent

Impact Polypropylene Copolymer

Linear low-density polyethylene

Isotactic polypropylene

Metallocene catalyst

Multigrain model

Melt index

Magnesium chloride

Average number molecular weights

Average weight molecular weights

Molecular weight distribution

Multizone circulating reactor

Nusselt number

Population balance modelling
Perturbed-chain statistical associating fluid theory
Polyethylene

Plug flow reactor

Polymeric flow model

Polymeric multilayer model

Polypropylene

Particle Size Distribution

Polypropylene random copolymers

Reynolds number

Random pore polymeric flow model
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RTD
SAFT-EoS
SL-EoS

Ti

TiCl3
TiCls
TREF
XRD
VSBR

ZN

Nomenclature

E(t)

Residence time distribution

Statistical Associating Fluid Theory Equation of States Model
Sanchez—Lacombe Equation of State Model

Titanium atom

Titanium(III) chloride

Titanium tetrachloride

Temperature Rising Elution Fractionation

X-ray diffraction

Vertical stirred bed reactors

Ziegler—Natta catalyst

Cross sectional area (m?)

Drag coefficient (-)

Concentration of gas i (mol m™)

Overall effective concentration of gas i per volume of entire pseudo-
homogenous particle (mol m™)

Total concentration of active in the catalyst particles (mol m™)
Concentration of gas i in the amorphous polymer phase (mol m™)
Concentration of solid species (mol mbeq)

Heat capacity of the component i (J kg! K1)

Overall effective diffusivity of the monomer in the semicrystaline polymer
phase (m” s™!)

Gas-phase binary diffusivity of the i species in a multicomponent gaseous
system (m? s™!)

Diffusivity of the i species in the amorphous polymer phase(m? s!)
Average particle size (m)

Diameter of the reactor (m)

Concentration of dead polymer chains with length n, terminated with
monomer i (mol m™)

Activation energy for the reaction (J mol™)

Exit age distribution functions (s™)
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Mass flow rate (kg s™!) or throughput in the reactor (kg s™

Friction losses (kg m? s!)

Acceleration of gravity (m s2)

Volumetric growth rate (m? s™)

Heat of polymerization (J kg™!)

Heat transfer coefficient (J m?2 K s)

Height of the downer (on the bottom of the downer) (m)

Height of the riser (on the top of the riser) (m)

Pre-exponential factor (m* mol's™ for 2™ order rate constant; or s for 1%
order rate constant)

Rate constant of activation by cocatalyst (m* mol! s)

Effective thermal conductivity of the particle (J m' K s™)

Binary interaction parameter between component i and j

Rate constant for initiation with monomer j (m? mol™! s!)

Rate constant for propagation between active site of type i (ending with
monomer i) and monomer j (m® mol! s)

3/2

Rate constant for chain transfer of active sites of type j to hydrogen (m”>“ mol

1261y
Rate constant of spontaneous deactivation of active site of type j (s™)

Rate constant of thermal deactivation of a vacant site (m> mol! s!)

Rate constant of dormant site formation to a live polymer chain of type j (m?
mol ! s1)

Rate constant of dormant site reactivation by hydrogen (m® mol! s!)

Henry constant (mol atm™ L' amorphous polymer)

Length of the reactor (m)

Ratio of the total solids mass hold-up in the HSBR to the number of the
CSTRs in series (kg)

Molecular weight of gas i (kg mol™!)

Total number of CSTRs in series (-)

Number of particles per bed volume (part m™)

Pressure (Pa)

Characteristic pressure (Pa)
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4n

Partial pressure of species i (Pa)

Critical pressure of the monomer 7 (bar)

Concentration of active vacant sites (mol m™)

Concentration of active sites with Ti—H bond (mol m™)

Concentration of living chains of length n, terminated with monomer i (mol
m™>)

Volumetric flow rate (m? s)

Particle density in number per bed volume (part m> m™) accounting for the
convective flux of particles in the reactor and for the particle growth by
polymerization

Ideal gas constant (J K-! mol™)

Recycling ratio (kg kg™)

Reaction rate of gas species X (mol ms™)

Reaction rate of solid species Y (mol m=s™)

Concentration of potential active sites (mol mca)

Concentration of deactivated sites (mol m>ca)

Concentration of dormant sites of length 7 (mol m™solia)

Reactor cross-section (m?)

Time or residence time (s)

Temperature (K)

Characteristic temperature (K)

Critical temperature of the monomer i (K)

Gas velocity (m s™)

Minimum fluidization velocity (m s™)

Solid velocity (m s™)

Terminal velocity (m s™)

Reactor volume (m?)

Characteristic closed-packed molar volume of a mer of the mixtures

Mass fraction of gas i in the gas phase (-)

Mass fraction of fresh gas i fed to section j (j = riser or downer)
Average molecular weight of monomer species (-)

Axial position (m)
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Greek letters

Xpol

Batch polymer yield (kgpol kg car)
Porosity of the bed (-)
Porosity of the particle (-)

Porosity at the inlet of the riser (combining fresh feed and outlet of downer)

Characteristic interaction energy for the mixtures
k™ moment of the dormant polymer chains (mol m™)

k™ moment of the living polymer chains (mol m™)

Density (kg m™)
Characteristic density (kg m™)

Gas viscosity (kg m! s1)

k™ moment of the dead polymer chains (mol m™~)

Volume fraction of polymer (-)

Tortuosity factor (-) or mean residence time (s™)

Relative variance of the RTD

Polymer crystallinity (% wt)

Subscripts or superscripts

A
C

cat

Draft
eff

lump

Annulus section

Cone section in FBR-IC

Catalyst

Downer

Draft tube section in FBR-IC
Effective properties

Equilibrium conditions

Gas

Propylene, Ethylene, Ha, Propane
Inlet

Number of the employed catalyst active sites
Propylene, Ethylene, H2

Length at the boundary layer

Lumped kinetic coefficient
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out

prep
pol

rec

tot

Backmixing

Index of the CSTR in series (n =1, ... , Nth)
Outlet

Polymer or particle

Prepolymerization

Polymer

Riser

Recycling

Solid

Total
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9 SUPPORTING INFORMATION
The supporting information contains a description of commercial gas phase propylene

processes, the Sanchez-Lacobme equation of state, and the calculation of the terminal velocity.
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